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ABSTRACT 
 
Ballast, typically comprising large sized aggregate particles with uniform gradation, is an 
essential layer in the railroad track substructure. Functions of ballast include facilitating load 
distribution and drainage, maintaining track geometry and track stability, and providing track 
resilience and noise absorption. Throughout its service life, ballast goes through changes in 
gradation and aggregate particle shape properties. These changes affect the particulate nature 
of ballast layer behavior, which has not been thoroughly understood from laboratory 
experiments and field performance. Moreover, numerical simulations that treat ballast as a 
continuum layer may often fail to address individual particle interactions at the micro-scale, 
which is a key perspective in modeling more realistically the behavior of any aggregate layer 
assembly.  
 
The main focus in this research effort has been to develop an integrated 
computational-experimental framework to evaluate ballast life-cycle behavior. Laboratory 
experiments and numerical simulations based on the Discrete Element Method (DEM) were 
performed to better understand micro-mechanical interactions affecting complex ballast 
assembly behavior and to provide quantitative evaluations of field response and performance 
under dynamic train loading. Starting from aggregate particle scale, grain size distributions 
and particle morphological properties of clean and fouled ballast materials were analyzed in 
the laboratory in order to provide input properties for the DEM numerical simulations. 
Moving to the laboratory scale, large-scale triaxial tests were performed in the laboratory 
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under controlled monotonic and repeated loading conditions for shear strength and permanent 
deformation characteristics, respectively. The experimental studies indicated that the shearing 
rate had no significant influence on the results of the ballast triaxial tests. Compared to clean 
ballast, fouled ballast samples in dry condition had higher permanent deformation under 
repeated loading due to particle degradation but not necessarily lower strength than clean 
ballast. The laboratory experiments were simulated using the DEM platform, which 
integrated aggregate image analysis technology into numerical modeling with the ability to 
generate particles in the DEM simulations for the same grain size distributions and 
morphological properties of ballast particles used in the laboratory tests. The DEM 
simulations of shear strength and permanent deformation tests could capture complex ballast 
behavior reasonably accurately. With the use of a newly introduced “incremental 
displacement” shearing method, numerical simulations could be completed with less iteration 
or computational expense. Using the integrated computational-experimental framework, 
effects of geogrid reinforcement and presence of moisture on ballast at different stages of its 
life-cycle have also been investigated. Furthermore, full validation of the framework 
approach was accomplished through field testing efforts; ballast settlement trends computed 
from the full-scale track numerical simulations were compared with the actual ballast 
settlements measured in the Transportation Technology Center (TTC) High Tonnage Loop 
(HTL) field tests. An application of this integrated computational-experimental framework 
was the design of a field “settlement ramp” to reduce differential settlement in a track 
transition zone. The measured settlement trends of the engineered bridge approach at TTC 
HTL were reasonably close to those predicted by the DEM model. 
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CHAPTER 1 
 
1. INTRODUCTION 
 
1.1 Research Statement 
 
Railroad ballast is an essential layer of the railroad track structure, and provides primarily 
load distribution and drainage. A large portion of the annual budget to sustain railroad track 
system goes into maintenance and renewal of ballast. The quality of ballast directly 
contributes to the comfort and long term serviceability of railroad track. Poor ballast 
conditions can lead to problematic track conditions, such as, pumping, lateral stability, and 
excessive settlement.  
 
Many railroad track structures that have traditionally supported heavy freight trains are 
currently being upgraded to also support the much faster passenger service for more complex 
dynamic loading considerations (shared corridor for both freight and passenger trains). These 
structures are mostly ballasted track, which must be durable, stable, and able to withstand 
repetitive dynamic loading without excessive deformation or ride quality degradation. 
 
Typically, ballast is uniformly-graded coarse aggregate placed between and immediately 
underneath the crossties. However, engineering properties of ballast used in a certain railroad 
track construction, for example, aggregate type and gradation, particle shape, texture and 
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angularity, and particle hardness and abrasion resistance, can often vary within certain 
specifications to influence the overall track behavior and performance. Furthermore, as 
ballast ages, it is progressively fouled with materials finer than aggregate particles filling the 
void spaces. Fouling refers to the condition of railroad ballast when voids in this unbound 
aggregate layer are filled with relatively finer materials or fouling agents commonly from the 
ballast aggregate breakdown, outside contamination such as coal dust from coal trains, or 
from subgrade soil intrusion. Throughout its service life, ballast gets fouled with 
accumulation of traffic which results in gradually changing material properties to cause large 
variations in ballast behavior at different stages in life-cycle. A better understanding of the 
complex ballast life-cycle behavior influenced by varying material properties and loading 
conditions is essential for mitigating track problems and failures.  
 
For a better evaluation of the serviceability, which requires proper functionality at any stage 
of its life-cycle, ballast layer behavior under dynamic train loading needs to be realistically 
studied in the laboratory by paying special attention to micro-scale particle interactions 
influenced by ballast aggregate shape properties and gradation. Because the particulate nature 
of the ballast assembly dictates its drainage, shear strength and permanent deformation 
characteristics, the laboratory findings need to be linked to field performance by means of a 
robust modeling capability that would establish the basis of a quantitative track performance 
simulation tool. Such a reliable simulation tool can investigate and reveal life-cycle 
behavioral trends and mechanisms that are difficult to explain during laboratory and field 
testing and in turn help to solve engineering problems. 
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1.2 Research Motivation 
 
Previous research efforts on studying ballast behavior often focused on the ballast assembly 
properties and load responses, such as the shear strength, modulus and deformation 
characteristics, without linking them to ballast characteristics in micro-scale, i.e., particle size 
and morphological properties. Further railroad track designs and modeling practices 
commonly treat ballast layer as a continuum with assumed uniform and homogeneous 
properties, and the particulate nature of ballast aggregates are ignored. However, ballast 
strength, stability, and load transfer are primarily governed by inter-particle contact forces 
established from non-uniform spatial distributions, friction between particles governed by 
textural micro irregularities on the surfaces, and the shapes, sizes, and angularities of the 
individual particles in the assembly. Numerical methods assuming continuum, such as the 
Finite Element Method (FEM), do not properly account for the particulate nature and the 
morphological characteristics of aggregates. Accordingly, the continuum approach is limited 
for modeling realistically the proper mechanisms related to ballast behavior observed in the 
field such as, settlement and stability of ballast layer, fouling issue (e.g. ballast aggregate 
degradation due to breakdown), and aggregate particle movement (e.g. ballast flying in high 
speed rail).  
 
Moreover, previous research efforts often focused on studying ballast behavior at a certain 
stage of its service life without investigating the effects of changing ballast properties on the 
complex life-cycle behavior. To develop a framework to properly study life-cycle 
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performance of ballast, the ballast micro-scale characteristics must be integrated with the 
ballast layer assembly behavior through laboratory testing and field performance monitoring. 
The laboratory and field full-scale experiments then should be brought to a realistic 
computational numerical modeling platform to capture both the micro-scale characteristics 
and the layer assembly behavior. 
 
A combined platform of discrete element method (DEM) simulation and aggregate particle 
shape analysis using imaging has been developed at the University of Illinois (Ghaboussi and 
Barbosa 1990, Rao et al. 2002, Pan et al. 2006, Zhao et al. 2006, Nezami et al. 2006, Lee 
2014). The approach has been calibrated and validated through laboratory shear box tests to 
study ballast behavior and then successfully applied for investigating effects of ballast 
gradation and shape properties on ballast strength, lateral stability, and settlement potential 
(Huang 2009). It is meaningful to further develop the capability of this DEM ballast 
simulation platform to simulate ballast behavior at different ballast physical properties and 
integrate this numerical simulation platform with image analysis technique, experimental 
testing, and field validation for the assessment of ballast life-cycle performance. 
 
1.3 Research Objective 
 
The objective of the proposed research is therefore to develop an integrated 
computational-experimental framework (see Figure 1.1) to evaluate clean and fouled ballast 
life-cycle behavior. Ballast particle size and shape properties in micro-scale and ballast 
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assembly shear strength and permanent deformation behavior will be integrated together to 
study ballast behavior at different stages of its service life. This framework requires 
conducting laboratory experiments for micro-scale property characterization, ballast 
assembly behavior through triaxial testing and finally, numerical modeling using the DEM 
platform combined with the aggregate particle image analysis technology. The research scope 
to accomplish the overall objective will be through the following tasks: 
 
1. Laboratory large scale triaxial testing of clean ballast materials and modeling the 
behavior using the DEM; 
2. Modeling of full scale ballasted track deformation behavior and field validation; 
3. Applying the field validated approach for investigating track transition zone design;  
4. Laboratory investigation of ballast fouling through Los Angeles abrasion tests;  
5. Large scale triaxial testing of fouled ballast materials and modeling the behavior using 
the DEM; 
6. Large scale triaxial testing of geogrid reinforced ballast and related DEM modeling;  
7. Large scale triaxial testing of wet conditions of fouled ballast. 
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Figure 1.1 Integrated computational-experimental framework involving laboratory and field 
testing and validation  
 
This study aims to develop an integrated computational-experimental laboratory testing and 
modeling framework to better understand particulate nature of granular interactions and 
associated complex mechanical behavior of ballast aggregate materials under dynamic train 
loading. The experimental testing will quantify ballast characteristics in grain scale and 
laboratory scale. The purpose of DEM modeling is to properly represent the particulate nature 
of different sized and shaped ballast aggregate particles as well as their interactions with each 
other at contact points for both clean and fouled ballast, and to investigate their effects on 
improved ballast strength, stability, and resistance to lateral and permanent deformations. 
Field validation is performed by comparing numerical simulation results with the measured 
field performance data. Once the integrated approach is validated, it will be applied to solve a 
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field problem on track transition by constructing a settlement ramp in the field using different 
types of ballast materials based on the DEM numerical simulation predictions of the field 
settlement potentials.  
 
1.4 Research Scope 
 
Large scale triaxial testing of ballast materials has been conducted in the Advanced 
Transportation and Research Engineering Laboratory (ATREL) at the Illinois Center for 
Transportation (ICT). The triaxial test device has dimensions of 610 mm (24 in.) in height 
and 305 mm (12 in.) in diameter. Both monotonic compression and repeated loading tests are 
performed on selected clean ballast materials first. The triaxial tests are then simulated using 
an image analysis based ballast particle shape generation integrated into the DEM simulations 
by utilizing the same specimen dimensions, particle shape properties and grain size 
distribution, and test conditions. The ballast simulation approach utilizes the BLOKS3D 
software program, a novel 3-dimentional polyhedral DEM code, and the ballast particle 
image analysis results from the “University of Illinois Aggregate Image Analyzer (UIAIA)”. 
Monotonic compression triaxial tests are also performed with clean ballast and geogrid 
reinforcement in the same test device. Geogrids with different rectangular and triangular 
aperture shapes are used for the ballast reinforcement and placed in different locations of the 
test specimens. DEM simulations are performed to investigate governing mechanisms, such 
as the geogrid-aggregate interlock, in the geogrid reinforced ballast specimens. 
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To validate the ballast modeling approach, which combines the DEM simulations with ballast 
particle image analysis, predictions of track settlements from full scale track simulations are 
compared with field settlement measurements in the Facility for Accelerated Service Testing 
(FAST) for Heavy Axle Load (HAL) applications from the Association of American 
Railroads’ Transportation Technology Center (TTC) in Pueblo, Colorado. Similar track 
geometries and ballast aggregate size distributions are used in the full scale track simulations. 
Different ballast materials have differences in their particle shape characteristics. Train wheel 
loads calculated from a recently developed dynamic track model are employed to provide 
loading inputs for the DEM simulations. The ballast modeling and the DEM simulation 
approach is then applied to help design a bridge approach settlement ramp, an innovative 
field approach which successfully demonstrated the use of engineered ballast materials for 
reducing/mitigating the differential settlement problem in a bridge transition zone. 
 
Before investigating degradation behavior of the ballast layer, it is important to understand 
ballast fouling mechanisms. According to Selig and Waters (1994), 76% of the case, the 
fouling is because of aggregate breakdown. To study the ballast fouling due to aggregate 
degradation, a series of Los Angeles (LA) abrasion tests are performed. Image analysis is also 
performed to capture the differences in size and shape properties at different degradation and 
fouling conditions as indicated by Fouling Index (FI). Fouling Index is defined by Selig and 
Waters (1994) as the summation of percentages of particles passing sieve sizes No. 4 and No. 
200 from the sieve analysis tests. 
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Large scale triaxial tests are performed on fouled ballast materials generated by the LA 
abrasion tests in the last phase of the research scope. Both monotonic compression and 
repeated loading triaxial tests are performed on limestone type fouled ballast materials. In 
what follows, attempts are made to simulate ballast behavior at different degradation and 
fouling levels. Finally, both monotonic compression and repeated loading triaxial tests are 
performed on wet fouled specimens of the same limestone ballast material. 
 
1.5 Thesis Outline 
 
A schematic outline of this thesis is given in Figure 1.2. In Chapter 2, a literature review is 
provided to summarize previous research results on the topics of ballast behavior, ballast 
modeling, and ballast aggregate image analysis. In Chapter 3, large scale triaxial tests 
conducted on clean ballast materials are described. Details on developing the DEM modeling 
capability for simulating both large scale monotonic compression and repeated load triaxial 
tests are discussed. Results of large scale triaxial tests and DEM simulations on clean ballast 
materials with geogrid reinforcement are also included in this chapter. In Chapter 4, field 
validation results are presented for the full scale track ballast settlement tests and the related 
DEM simulations undertaken at the American Railway Association’s (AAR) Transportation 
Technology Center (TTC) High Tonnage Loop (HTL) facility. In Chapter 5, an application of 
the DEM simulation approach is described for designing a settlement ramp and 
reducing/mitigating differential settlement in a bridge approach. In Chapter 6, details of 
ballast fouling and degradation observed due to aggregate breakdown in LA abrasion tests 
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and the image analyses of the degraded ballast samples at different fouling levels are 
presented. In Chapter 7, results of large scale triaxial tests on fouled ballast generated from 
the LA abrasion tests and the corresponding DEM simulations are discussed. In Chapter 8, 
effects of geogrid reinforcement on ballast are evaluated through large scale triaxial tests and 
DEM simulations. And finally, effects of moisture on fouled ballast behavior are investigated 
through large scale triaxial tests in Chapter 9.  
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Figure 1.2 Schematic outline of thesis 
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CHAPTER 2 
 
2. LITERATURE REVIEW 
 
In this chapter, a literature review is provided on the ballast material strength and deformation 
behavior. Recent research efforts related to ballast laboratory testing and field ballast 
settlement trends are summarized. For the assessment of ballast life-cycle behavior, ballast 
degradation and fouling mechanisms are reviewed from the point of fouling and moisture 
impacts on the ballast strength and deformation behavior. From the numerical modeling 
perspective, discrete element method (DEM) and its application in simulating aggregate or 
ballast behavior are introduced. Two critical components of the integrated computational and 
experimental framework, i.e., the DEM simulation platform and the image analysis technique 
developed at the University of Illinois, are presented. 
 
2.1 Railroad Ballast 
 
Modern railroad has two main types of track: (a) ballasted track and (b) slab track. Figure 2.1 
shows components of a typical ballasted track, which comprises of rail, crosstie, fastening 
system, ballast/subballast, and subgrade. Crosstie and components above the crosstie are 
called superstructure, whereas, components below crosstie are called substructure.   
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Figure 2.1 Railroad ballasted track components  
 
Ballast is a critical track substructure layer that facilitates drainage and distributes load from 
crossties. The ballast layer is often constructed using uniformly graded aggregate, however, 
the gradation requirements are different around the world. Table 2.1 lists the ballast 
gradations recommended by American Railway Engineering and Maintenance-of-Way 
Association (AREMA) widely adopted and used in the United States. 
 
Table 2.1 AREMA recommended ballast gradations (AREMA Manual 2010) 
 
Gradation 
 No. 24 No. 25 No. 3 No. 4a No. 4 No. 5 No. 57 
Sieve Size (mm) Percentage Passing (%) 
    76 100 100 
     
    63 90-100 80-100 100 100 
   
    50 
 
60-85 95-100 90-100 100 
  
    37.5 25-60 50-70 35-70 60-90 90-100 100 100 
    25 
 
25-50 0-15 10-35 20-55 90-100 95-100 
    19 0-10 
  
0-10 0-15 40-75 
 
    12.5 0-5 5-20 0-5 
  
15-35 25-60 
    9.5 
 
0-10 
 
0-3 0-5 0-15 
 
    No. 4 0-3 
    
0-5 0-10 
    No. 8 
      
0-5 
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2.2 Ballast Behavior 
 
2.2.1 Ballast strength and deformation behavior 
Ballast needs to effectively sustain loading from crosstie and dissipate the train loading 
through the substructure layers. The maximum stress ballast can withstand without failure is 
considered as the ballast strength. Clean and fouled ballast strength properties will be 
discussed in detail in Chapters 3, 7, 8, and 9. Ballast will undergo deformation under the 
dynamic wheel loading as illustrated in Figure 2.2. When loading is removed, part of the 
deformation will recover while the other part will not recover. The recoverable deformation is 
called elastic deformation while the unrecoverable deformation is called plastic or permanent 
deformation. Clean and fouled ballast permanent deformation behavior will be discussed in 
detail in Chapters 3, 4, 5, 8, and 9.  
 
Figure 2.2 Illustration of permanent strain and elastic strain under repeated loading cycles 
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Ballast behavior in previous tests 
 
Triaxial and plate loading tests are traditionally performed in the laboratory to evaluate the 
monotonic compression and repeated loading effects on the ballast behavior. Jeffs and Marich 
(1987) conducted a series of cyclic load tests on ballast materials and found that permanent 
deformation accumulated rapidly in the initial stage of ballast loading followed by a linear 
increase later on when permanent deformation became relatively stable, which is known as 
“stable zone” as shown in Figure 2.3.  However, a sudden increase in the rate of settlement 
may also occur in the “stable zone,” which is described as “re-compaction” of ballast (Jeffs 
and Marich 1987).  
 
 
 
 
Figure 2.3 Ballast permanent deformation behavior of laboratory specimens during cyclic 
loading tests (Jeffs and Marich 1978) 
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Earlier research studies reported ballast behaved in an almost purely elastic or resilient 
manner and the resilient modulus eventually became approximately constant after a certain 
number of repeated load applications (Hicks 1970, Shenton 1975, Alva-Hurtado 1980). The 
resilient modulus mentioned here is defined as repeated wheel load deviator stress divided by 
the recoverable strain: 
  
1 3 R
r
M
 


                              (2-1) 
where MR = resilient modulus; 
      1 = major principal stress; 
      3 = minor principal stress; 
      r = recoverable strain. 
 
Selig and Waters (1994) studied ballast behavior under repeated loading conditions and stated 
that the behavior was nonlinear and stress-state dependent (see Figure 2.4). Permanent axial 
strain of a test specimen increased when the number of load applications increased, but in a 
decreasing rate. Specimen density and resilient modulus also increased as permanent strain 
increased. 
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Figure 2.4 Ballast behavior under repeated load triaxial tests (Selig and Waters 1994) 
 
Raymond and Bathurst (1994) reported that the average vertical stress at the sleeper-ballast 
interface was approximately 140 kPa (20 psi). Triaxial permanent deformation tests were 
performed under an applied confining pressure of 35 kPa. Specimens with a diameter of 229 
mm were applied a deviator stress of 140 kPa and specimens with a diameter of 250 mm 
were applied a deviator stress of 210 kPa, respectively. Loading frequency for both test setups 
was 1 Hz. Permanent axial strain results from seven ballast materials tested in this study are 
summarized in Figure 2.5, which confirms that ballast behavior under repeated loading is 
nonlinear, and the permanent strain of ballast increased in a decreasing rate. 
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Figure 2.5 Permanent axial strains of different ballast materials accumulated under repeated 
load triaxial tests (Raymond and Bathurst 1994) 
 
Lackenby et al. (2007) conducted cyclic triaxial tests on ballast and showed that the 
application of cyclic loading could lead to a considerable increase in material stiffness. Figure 
2.6 shows the effects of maximum deviator stress, confining pressure, and number of load 
cycles on resilient modulus. 
 
19 
 
 
 
Figure 2.6 Resilient modulus (MR) response under various stress states: (a) constant 
maximum deviator stress but different confining pressure, (b) three maximum deviator stress 
magnitudes and two different confining pressure magnitudes (Lackenby et al. 2007) 
 
Effects of specimen density 
 
Specimen density plays an important role in ballast specimen strength and permanent 
deformation behavior. Dawson et al. (1996) found the gradation was more important than 
compaction. Dense graded aggregate generally yielded less permanent strain. Thom and 
Brown (1988) concluded that permanent strain depended on compaction besides gradation. 
Without compaction, the uniformly graded aggregates yielded less permanent strain than 
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dense graded aggregates, however, the gradation effect became less significant when 
compaction level was high.  
 
 
 
Suiker et al. (2005) conducted triaxial testing of a ballast material under cyclic loading. The 
nominal height of the cylindrical ballast specimen was equal to 645 mm and the nominal 
diameter was equal to 254 mm (see Figure 2.7). The cyclic tests were performed using a 
periodic positive full-sine signal with a frequency of 5 Hz. The test results indicated that 
ballast had a strong tendency to densify, even if the applied stress level was close to the 
failure strength under static loading. Suiker et al. (2005) also concluded that application of 
cyclic loading could considerably increase material strength and stiffness, which agrees with 
the earlier statement from Lekarp et al. (2000) that specimen gradually stiffening after each 
cycle of loading was the reason the permanent deformation eventually accumulated in a 
decreasing rate. 
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Figure 2.7 Schematic drawing of triaxial testing device used by Suiker et al. (2005) 
 
Effects of smaller particles in ballast aggregate matrix 
 
Anderson and Fair (2008) conducted a series of large diameter triaxial tests on full sized and 
layered specimens to evaluate the influence of “stone blowing” by placing smaller sized 
particles under ballast. The nominal height of the cylindrical ballast specimen was equal to 
455 mm and the nominal diameter was equal to 236 mm. An approximate square wave axial 
load-unload cycle was applied to the specimen in the range of 15 kPa to 250 kPa. The layered 
specimen (one layer of ballast and one layer stone) yielded higher shear strength during the 
monotonic compression test (see Figure 2.8) with a higher permanent axial strain, especially 
in the early stage, during the cyclic loading test as compared with the ballast specimen. It was 
also concluded that once the smaller sized stones moved into the voids between ballast 
particles, plastic strain was reduced significantly as a better gradation and packing was 
achieved in the interface of a layered specimen. In Chapter 7, fouled ballast behavior will be 
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discussed in detail to further indicate that smaller particles can indeed stabilize the aggregate 
matrix.  
 
 
 
Figure 2.8 Monotonic compression test results of different sized aggregate materials 
(Anderson and Fair 2008)  
 
2.2.2 Load pulse characteristics applied during ballast testing 
Hicks (1970) stated loading frequency was not an important factor for the permanent 
deformation behavior of ballast materials. Shenton (1975) performed a serious of cyclic 
loading tests on ballast specimens at various loading frequencies from 0.1 to 30 Hz with the 
loading amplitude, confining pressure, and other test conditions remaining the same and 
concluded that the frequency of cyclic loading did not affect the ballast permanent 
deformation behavior significantly (see Figure 2.9). A high permanent deformation observed 
in the field is in fact explained with a higher dynamic force associated with the high train 
23 
 
speed; in other words, the large loading amplitude instead of high loading frequency was the 
main reason to cause large permanent deformation (Shenton 1975). Cyclic loading pulse 
simulated with an “Incremental Displacement” shear method (IDSM) is based on this 
assumption and will be discussed in Chapter 3. 
 
 
 
 
Figure 2.9 Little to no effect of loading frequency on the resilient response behavior of ballast 
material (Shenton 1975) 
 
Most commonly a continuous sinusoidal load pulse is applied on the ballast samples in 
triaxial tests to determine the permanent deformation behavior. The influence of train speed is 
represented by using different loading frequencies and magnitudes to represent different train 
speeds. While alternative approaches by coupling different loading pulses to better mimic the 
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loadings applied on top of ballast have also been introduced recently. 
 
Indraratna et al. (2010a) conducted large scale cyclic triaxial tests to evaluate the influence of 
frequency on the permanent deformation and degradation behavior of ballast during cyclic 
loading. A typical harmonic cyclic load was applied during the test program. The dynamic 
wheel loading effects due to different train speeds were considered by simply changing the 
loading frequency and varying the maximum deviator stress due to wheel loading. 
Accordingly, a confining pressure of 60 kPa was selected for every test. Figure 2.10 and 
Table 2.2 present the cyclic loading patterns used in this study and Figure 2.11 gives the 
observed trends of the ballast permanent deformation behavior under different loading 
frequencies.  
 
 
Figure 2.10 Cyclic loading pattern used in large-scale triaxial tests (Indraratna et al. 2010a) 
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Table 2.2 Cyclic loading frequencies, deviator stresses and corresponding simulated train 
velocities studied by Indraratna et al. (2010a) 
Frequency Cyclic Deviator Stress 
Simulated Train Velocity on 
a Standard Gauge Track 
(Hz) (kPa) (km/h) 
10 374 73 
20 428 145 
30 482 218 
40 536 291 
 
 
Figure 2.11 Permanent strain behavior at various loading frequencies studied by Indraratna et 
al. (2010a) 
 
In order to simulate traffic loading in the track, Aursudkij et al. (2009) applied three 
sinusoidal loads with a maximum load magnitude of 94 kN and a 90 degree phase lag 
between each actuator (see Figure 2.12). This loading pattern was suggested by Awoleye 
(1993), and was intended to simulate a train running over three crossties with 50% of the 
wheel load on the middle crosstie and 25% of the wheel load on the outer crossties. In this 
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way, approximately 20 tonne (or metric tonne) axle load could be simulated by the Railway 
Test Facility (RTF) at the University of Nottingham, This corresponded to a typical heavy 
axle load applied on top of the middle crosstie. The loading frequency in the RTF was limited 
to 3 Hz due to the hydraulic pump limitation. 
 
 
Figure 2.12 Loading pattern used in Railway Test Facility (RTF) at the University of 
Nottingham (Aursudkij et al. 2009) 
 
Note that as opposed to a continuous sinusoidal load pulse often applied in cyclic triaxial 
tests, the actual dynamic loading may have different loading patterns of varying pulse shapes 
with rest periods, according to axle spacing and car length, which may directly affect the 
vibration and deformation trends caused by a moving train at low, intermediate and high 
speeds.   
 
Huang et al. (2009) developed a “sandwich model” (see Figure 2.13) and based on this model 
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a four-peak loading pulse, shown in Figure 2.14, was developed to simulate the loading of 
two bogies, equivalent to the loading induced by one car pass. The four-peak loading pattern 
was successfully applied in simulating settlement of a test track in AAR’s Transportation 
Technology Center (TTC), which will be discussed in detail in Chapter 4. 
 
 
Figure 2.13 “Sandwich” track model using an elastic layer under discretely supported ballast 
(Huang 2009) 
 
 
Figure 2.14 Loading profile on top of a single tie under moving train load (Huang 2009) 
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2.2.3 Differential settlement in track transition zones 
Bridge approaches and low modulus track transition zones create significant settlements and 
cross-level and alignment problems. In Chapter 5, the integrated computational-experimental 
framework developed in this study will be applied to help mitigate/reduce deferential 
settlement. Figure 2.15 shows an example of a bump in a second line track due to differential 
settlement. In these locations, shifting from open deck to ballasted deck superstructures has 
been somewhat effective in mitigating these problems, due to the use of the same fastening 
system and tie design and spacing from bridges to approaches, but skewed abutments still 
cause differential (cross-level) tie support problems. Approximately, $200 million reportedly 
is spent every year just to address track transition problems (Sasaoka et al. 2005, Hyslip et al. 
2009).  
 
 
Figure 2.15 Differential settlement at bridge/embankment transition causing a bump in the 
track (Photo courtesy of Donald Uzarski) 
 
For ballasted deck concrete/steel bridges with concrete ties, reducing stiffness and increasing 
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track damping on the bridge can be effective in reducing impact forces, track component and 
track geometry degradation. Kerr and Bathurst (2001) focused on reducing track stiffness on 
the bridge using special pads and ties. This had some mitigating effect on the transition 
problem by decreasing the stiffness difference between the bridge and approach, but 
differential settlement was still developing between the bridge and approach embankment, 
especially where settlement was due to geotechnical problems (Li and Davis 2005).  
 
Li and Davis (2005) addressed inadequate ballast and subballast layer performance to be the 
primary cause of track geometry degradation. In addition, Davis et al. (2007) list the factors 
most significant to bridge approach transitions as subgrade and ballast condition, ballast 
thickness, crosstie type, and wheel load. Similarly, Davis and Chrismer (2007) used track 
settlement and vertical deflection data from a bridge of a western railroad to suggest that the 
ballast layer was the major source of railway transition settlement.  
 
Recently, Mishra et al. (2014) conducted field settlement measurements by the use of Multi 
Depth Deflectometers (MDDs) in three problematic bridge approaches on Amtrak’s Northeast 
Corridor near Chester, Pennsylvania and concluded that ballast layer was the primary source 
contributing to recurring differential settlements and track geometry problems as shown in 
Figure 2.16.  
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Figure 2.16 Track settlement of different layers over time monitored at 15 ft. from north 
abutment of bridge in Upland Street, Chester, Pennsylvania (Mishra et al. 2014) 
 
2.2.4 Ballast fouling 
As ballast ages, it is progressively fouled with fine materials smaller than original ballast 
particles filling the void spaces (see Figure 2.17). Previous research studies reported that the 
main cause of ballast fouling was the degradation and breakdown of the uniformly-graded 
large ballast particles under repeated traffic loading (Selig et al. 1988, Selig and Boucher 
1990, Selig et al. 1992). Selig and Waters (1994) concluded that up to 76% of the ballast 
fouling was due to ballast breakdown, in other words, referred to herein as the ballast 
degradation. In Chapter 6, ballast fouling and degradation process studies in a controlled 
laboratory environment will be discussed in detail.  
 
Ballast settlements
Settlement of other layers
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Figure 2.17 Schematic drawing of ballast fouling due to particle degradation 
 
 
With samples of ballast taken from a wide variety of track sites in North America, Selig and 
Waters (1994) plotted the representative gradations ranging from clean to highly fouled 
conditions as shown in Figure 2.18. A similar trend of changing gradations is observed in the 
laboratory in this study to be presented in Chapter 6. Besides ballast gradation changes along 
with ballast degradation, image analysis technique, which is an essential part of the integrated 
computational and experimental framework, reveals a correlation between ballast particle 
shape properties and ballast degradation. Such a correlation between ballast particle shape 
properties and ballast degradation to be presented in Chapter 6 was recently found in a field 
degradation and particle shape property investigation (see Figure 2.19) by Maziar et al. 
(2014). Accordingly, such relationships found between ballast fouling levels and degradation 
in ballast size and shape properties could help to improve DEM ballast modeling efforts by 
simulating realistically ballast behavior at different fouling levels and utilizing field imaging 
techniques to determine field ballast serviceability. 
Ballast Degradation
New Ballast FI=0 Fouled Ballast 0<FI<40 Fouled Ballast FI=40
Beginning of 
Ballast Service Life
End of 
Ballast Service Life
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Figure 2.18 Gradation representing ballast conditions from clean to highly fouled (Selig and 
Waters 1994) 
 
  
(a) (b) 
Figure 2.19 Field ballast aggregate sampling in a track location along a mainline freight 
railroad in Mississippi (a) section of the ballast layer, (b) ballast aggregate collected from 
surface (left), 10-in below surface (middle), and 16-in below surface (right) (Maziar et al. 
2014) 
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To quantify ballast fouling conditions, Selig and Waters (1994) proposed two indices: (i) 
Fouling Index (FI) and (ii) Percentage Fouling. FI is the summation of percentage by weight 
of ballast sample passing the 4.75 mm (No. 4) sieve and the percentage passing the 0.075 mm 
(No. 200) sieve. Percentage fouling is the ratio of the dry weight of material passing the 9.5 
mm (3/8 in.) sieve to the dry weight of the total sample. In the context of this dissertation 
study, fine materials are those with particle sizes smaller than 9.5 mm or passing 3/8-in. sieve. 
In the upcoming chapters, ballast fouling condition is quantified by the Fouling Index (FI). 
 
4 200 FI P P                               (2-2) 
where P4 = percentage passing No. 4 sieve (4.75 mm); 
      P200 = percentage passing No. 200 sieve (0.075 mm). 
 
The different fouling categories based on FI value are summarized in Table 2.3.  
 
Table 2.3 Categories of fouling conditions (Selig and Waters 1994) 
Categories FI 
Clean <1 
Moderately Clean 1~ <10 
Modetately Fouled 10~ <20 
Fouled 20~ <40 
Highly Fouled   40 
 
Indraratna et al. (2005) introduced Ballast Breakage Index (BBI) to quantify ballast aggregate 
degradation. The BBI can be calculated based on ballast gradation changes with the equation 
(2-2), and details were illustrated in Figure 2.20. 
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Figure 2.20 Illustration of ballast breakage index (Indraratna et al. 2005) 
 
More recently, Indraratna et al. (2010b) proposed a new parameter, Void Contaminant Index 
(VCI), to describe ballast fouling condition, which can be calculated by the equation below: 
 
1
100
f fsb
b sf b
e MG
VCI
e G M

                         (2-3) 
 
where, eb = void ratio of clean ballast; 
      Gsb = specific gravity of clean ballast; 
      Mb = dry mass of clean ballast;  
      ef = void ratio of fouling material; 
      Gsf = specific gravity of fouling material; 
      Mf = dry mass of fouling material. 
35 
 
  
Several laboratory tests were proposed in previous studies to generate fouled ballast materials 
from degradation testing, such as by conducting Los Angeles (LA) abrasion, mill abrasion, 
Deval abrasion, and micro-Deval abrasion tests. Both toughness and hardness are important 
properties of aggregates. While the former is a measure of resistance to breakage, the latter is 
more related to durability of surface wearing. Commonly, LA abrasion tests are believed to 
measure aggregate toughness, but not hardness.  
 
Using only the LA abrasion value may not be sufficient to predict ballast aggregate 
degradation characteristics in the field (Raymond and Diyaljee, 1979). Raymond and 
Diyaljee (1979) suggested additional tests to measure hardness of aggregates such as the mill 
abrasion test. Unlike the LA abrasion test, mill abrasion tests tended to create finer material 
passing 0.075 mm sieve size since degradation was mostly caused by wearing aggregates 
(Selig and Boucher 1990).  
 
Traditional abrasion tests such as Deval abrasion or LA abrasion are dry tests that do not 
include any moisture. To investigate moisture effects on aggregate degradation, the 
micro-Deval abrasion test was created in France during the 1960’s. Similar to the mill 
abrasion test, no impact load is involved in this test and abrasion is caused by aggregates’ 
wearing each other (Williams et al. 2005). Fowler et al. (2006) reported that micro-Deval 
abrasion test adequately predicted aggregate field performance in flexible and rigid 
pavements, and no improved predictions were obtained when micro-Deval abrasion test 
results were combined with those from LA abrasion tests. 
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Klassen et al. (1987) introduced the abrasion number (AN) as the sum of LA abrasion and 
five times mill abrasion values. Raymond and Bathurst (1994) stated that AN had good 
correlations with ballast permanent deformation characteristics from cyclic triaxial testing. 
Lim (2004) and McDowell et al. (2005) both found the LA abrasion test results to correlate 
well with ballast box test results when tamping was included in their experiments; this was 
also confirmed by Aursudkij (2007). Recent findings on the degradation trends of Norwegian 
ballast materials evaluated from triaxial testing concluded that LA abrasion test results 
correlated with the actual material breakdown better than micro-Deval abrasion test results 
(Noålsund et al. 2013). LA abrasion test was therefore adopted to study ballast degradation 
and generate fouled ballast for triaxial testing which will be explained in detail in Chapters 6 
and 7. 
 
2.2.5 Laboratory experiments with fouled ballast materials 
Ballast fouling or degradation is considered unfavorable and routinely dealt with ballast 
cleaning and undercutting type track maintenance activities. Earlier research studies 
conducted on unbound aggregates clearly indicated that an increase in percentage of fines 
reduced permanent deformation resistance (Barksdale 1972, Thom and Brown 1988). In 
Chapter 7, similar findings will be presented. 
 
Han and Selig (1997) investigated the effects of fouling material and degree of fouling on the 
settlement of ballast bed by the use of ballast box tests developed at the University of 
Massachusetts. The ballast test box had dimensions of 305 mm length, 305 mm width and 
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610 mm depth. Test results showed fouled ballast yielded higher permanent deformation 
when compared to clean ballast. Moisture content, fouling material type, and fouling 
conditions all had an impact on ballast settlement behavior. In Chapter 9, moisture effects on 
fouled ballast testing will be discussed in detail. 
 
Previous studies also reported that fouling could significantly reduce ballast strength. Huang 
et al. (2009) conducted a series of large scale direct shear tests using ballast mixed with 
different fouling agents including coal dust, fine-grained cohesive subgrade soil, and 
nonplastic mineral filler. Fouling materials were added to compacted clean ballast. Lower 
shear strength was observed when in general level of fouling increased and the coal dust 
caused the highest shear strength reduction as compared to the fine-grained cohesive 
subgrade soil and nonplastic mineral filler, as shown in Figure 2.21. In Chapter 7, fouled 
ballast due to particle degradation is exclusively studied.  
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Figure 2.21 Comparisons of three ballast fouling scenarios studied through direct shear 
testing (Huang et al. 2009) 
 
Ebrahimi et al. (2010) used mineral fouling material comprising 70% dolomite and 30% 
quartzite mixed with clean ballast to consider the fouling effects in triaxial tests. The “F” 
fouling content described in this study was the percentage by weight of particles less than 
4.75 mm. The “w” was the percentage by weight of water content. Test results indicated that 
increased fouling content and water content yielded higher accumulations of plastic 
deformation of ballast as shown in Figure 2.22.  
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Figure 2.22 Effect of fouling and moisture on ballast plastic strain in large-scale triaxial tests 
(Ebrahimi et al. 2010) 
 
Indraratna et al. (2013) recently performed large scale triaxial tests on ballast fouled with 
different proportions of clay. The results (see Figure 2.23) indicated that when fouling level 
increased, quantified by VCI (void contaminant index), the specimen shear strength dropped. 
However, on the other hand, particle breakage during tests decreased. In Chapter 7, fouled 
ballast shear strength properties will be studied in detail. 
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Figure 2.23 Stress–strain behavior in isotropically consolidated drained tests for different 
degrees of fouling at confining pressures: (a) 10 kPa, (b) 30 kPa, and (c) 60 kPa. (Indraratna 
et al. 2013) 
 
Recently, Indraratna et al. (2014) performed large scale triaxial tests on ballast fouled with 
coal dust. The results (see Figure 2.24) indicated that when fouling level increased, quantified 
by VCI increased from 0% to 100%, the specimen shear strength dropped rapidly. Similar as 
clay-fouled ballast, particle breakage during tests decreased when more coal dust was mixed 
with aggregate. Indraratna et al. (2014) described the wet coal dust had both “lubrication 
effect” and “cushioning” effect in aggregate matrix.  
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Figure 2.24 Stress–strain behavior of coal-fouled ballast for different extents of fouling at 
effective confining pressures of (a) 30 kPa, (b) 60 kPa and (c) 120 kPa. (Indraratna et al. 
2014) 
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2.2.6 Laboratory experiments with ballast materials under wet conditions 
Haynes and Yoder (1963) performed repeated load triaxial tests on crushed stone and gravel 
and found that when the degree of saturation of the specimen increased from 60% to 80%, 
permanent deformation increased more than 100% as compared with the specimen tested in 
dry condition. Barksdale (1972) conducted a laboratory study of unbound aggregates and 
found the permanent deformation of saturated specimen was higher than the partially 
saturated specimen. Thom and Brown (1987) studied the behavior of crushed limestone at 
different moisture contents and the experimental results showed the permanent strain 
increased dramatically with a relatively small increase of moisture content. Thom and Brown 
(1987) also stated that high excess pore pressure was not the only reason leading to rapid 
increase in permanent strain, the “lubricating effect” of water in a granular assembly also 
played an important role that was governing aggregate behavior. In Chapter 9, experimental 
test results are also explained by the “lubricating effect” of water existing in ballast assembly. 
 
Dawson (1990) performed triaxial tests on granular materials and found poor drainage 
condition led to significant increase of permanent deformation in granular materials (see 
Figure 2.25). Poor drainage could lead to high saturation of the specimen. High saturation 
could reduce effective stress between particles, thus specimen might have low resistance to 
deformation when drainage condition was poor (Dawson et al. 1996). Poor performance 
under repeated loading was also found in this study when ballast moisture content was 
beyond a certain level; details will be presented in Chapter 9. 
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Figure 2.25 Permanent axial strains developed in granular material triaxial specimens tested 
at different drainage conditions (Dawson 1990) 
 
Lekarp et al. (2000) mentioned the presence of adequate amount of moisture had a positive 
influence on the strength and stiffness of unbound granular materials. However, when 
moisture content increased, especially approaching saturation, resistance to permanent 
deformation of specimen could be significantly reduced due to excess pore pressure induced 
by rapid loadings. Chapter 9 does contain similar findings that when ballast moisture content 
was high for the fines, resistance to permanent deformation of specimen reduced 
dramatically. 
 
Ebrahimi et al. (2010) conducted large scale triaxial tests at the University of 
Wisconsin-Madison on both clean and fouled ballast materials under cyclic loading and 
reported higher fouling and moisture content resulted in higher plastic strain. Two types of 
44 
 
fouling agents were used to add into clean ballast, one was “mineral filler” material which 
comprised of 70% dolomite and 30% quartz and the other one was coal. Mineral filler 
material and water were mixed with ballast before constructing the specimen while coal dust 
and water were added into the compacted ballast. The preparation steps for the coal dust 
fouling material were similar to the previous study procedures by Huang et al. (2009). For the 
same fouling condition, the specimen with the highest moisture content yielded the highest 
permanent deformation. In Chapter 9, moisture effects will be shown to reduce shear strength 
properties. 
 
Tennakoon et al. (2012) investigated hydraulic conductivity of fouling ballast in saturated 
conditions. Fouling materials were mixed with ballast and then compacted before the 
specimen was saturated. The “void contaminant index” (VCI) was shown to be a good 
indicator of ballast fouling conditions. The results indicated that both the location and the 
extent of fouling had significant impact on track drainage. 
 
Trinh et al. (2012) sampled fouled ballast specimens from an ancient railway in France, 
where the ballast was mainly fouled due to mixing with subgrade soil. They conducted 
large-scale triaxial tests on these samples. The sample water contents were determined to 
have significant influence on the mechanical characteristics of the so-called interlayer 
material and the fouled ballast. The fouled ballast specimen was prepared by compacting 
ballast mixing with fouling material and water. The amount of water added was determined 
based on the fouling material compaction properties. Figure 2.26 shows the monotonic 
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compression test results of specimens at different moisture contents. When the fouled ballast 
specimen was saturated, its apparent cohesion was significantly lower than the fouled ballast 
specimens at lower water contents although the friction angle remained the same.  
 
 
 
Figure 2.26 Monotonic compression test results at different moisture contents (Trinh et al 
2012) 
 
Duong et al. (2013) developed a large-scale infiltration column to study the hydraulic 
conductivity of unsaturated fouled ballast. A schematic drawing of the infiltration column 
developed in Paris Institute of Technology (École des Ponts ParisTech, ENPC) is given in 
Figure 2.27. The infiltration column was 600 mm in height and 300 mm in diameter. Five 
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volumetric water content sensors (denoted as TDR) and five matric suction sensors (denoted 
as T) were installed at the column heights of 100, 200, 300, 400, and 500 mm, respectively. 
Figure 2.28 gives an example of the measured volumetric water content and water pressure of 
the fouled ballast specimen during drainage. This kind of device is needed to determine the 
hydraulic conductivity of fouled ballast in order to better understand the role of moisture in 
ballast behavior. No doubt, the hydraulic conductivity has a great importance in explaining 
ballast behavior when moisture is present.  
 
 
 
Figure 2.27 Schematic drawing of large-scale infiltration column developed in Paris Institute 
of Technology (Duong et al. 2013) 
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Figure 2.28 Measured (a) water pressure, and (b) volumetric water content of fouled ballast 
during drainage using the large-scale infiltration column (Duong et al. 2013) 
 
2.2.7 Geogrid reinforced ballast behavior 
Geogrid, one of the main types of geosynthetics used to reinforce unbound aggregates, has 
been applied to reinforce highway base course and railroad ballast. Many different types of 
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geogrids are available in the market with different aperture shapes and sizes, rib thicknesses, 
and mechanical properties. As the primary benefits of geogrid reinforcement are derived from 
interlocking between geogrid ribs and aggregates, geogrid aperture shape and size (see Figure 
2.29), as well as rib thickness have been identified as important factors governing the 
effectiveness of geogrid reinforcement on unbound aggregate layer performance (Brown et al. 
2007). However, the benefit of applying geogrid to reinforce ballast at different stages of 
ballast life-cycle has not been well understood yet. Focusing on the fundamental mechanism 
of particle contact, the integrated computational-experimental framework is applicable to 
investigate the interlock mechanism between the ballast particles and geogrid. By adequately 
addressing the particle size and morphological properties in micro-scale, geogrid reinforced 
ballast at different stages of ballast life-cycle can be investigated by both experimental testing 
and numerical simulation, which will be presented in Chapter 8. 
 
 
 
Figure 2.29 Comparison of settlement from same ballast material reinforced with geogrids 
having different aperture sizes (Brown et al. 2007) 
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The placement of geogrid within the ballast layer is often dictated by the length of tamping 
tines, with the primary objective being to prevent damage to the geogrid layer during tamping 
operations. However, optimal positioning of geogrids within the ballast layer to maximize its 
effectiveness in limiting lateral movement of particles and reducing vertical settlement has 
not been thoroughly studied.  
 
Walls and Galbreath (1987) reported geogrid reinforcement to have the potential to reduce the 
frequency of ballast maintenance operations by as much as 12 times. Raymond (2002) 
investigated reinforced ballast behavior under repeated loading through box testing. The test 
box was 300 mm x 200 mm x 19 mm thick aluminum plate footing loaded by a 182 cm2 
Bellofram piston. The test results demonstrated the benefit of using geosynthetics to reduce 
ballast settlement. Reinforced rounded aggregates proved more beneficial than reinforced 
crushed aggregate and the reinforcement. The reinforcement effect was more noticeable when 
aggregates were in loose state. Similar findings were observed and will be presented in 
Chapter 8.  
 
The aperture shapes of geogrids can be square, rectangular, or triangular. Geogrids with 
square or rectangular apertures are often referred to as “biaxial” geogrids, as their tensile 
strength and stiffness values are mobilized mainly along two directions, i.e., machine and 
cross-machine directions. Several studies have used laboratory experiments and numerical 
simulations to establish the effectiveness of biaxial geogrids for improving bearing capacity 
of the railroad track substructure (Bathurst and Raymond 1987, Shin et al. 2002, Raymond 
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and Ismail 2003, Kwon and Penman 2009). Two types of geogrids, one with square aperture 
and the other with triangular aperture, are used in the experimental testing and numerical 
simulation to be discussed in Chapter 8. 
 
Geogrids with triangular shaped apertures have also been developed with the claims to 
provide more uniform reinforcement in all directions. Recent research efforts have focused on 
evaluating performance improvements of triangular geogrid reinforced transportation systems 
(Qian et al. 2011, Qian et al. 2013). Dong et al. (2011) compared the performances of 
triangular and rectangular aperture geogrids using numerical methods and found geogrid with 
triangular apertures had more evenly distributed tensile strength and stiffness as shown in 
Figure 2.30.  
 
 
Figure 2.30 Distribution of tensile stiffness of geogrids with different aperture shapes (kN/m) 
based on numerical simulation (Dong et al. 2011) 
 
51 
 
An early work on comparative evaluation of the reinforcement benefits of geogrids with 
rectangular and triangular apertures used discrete element modeling simulations of large scale 
direct shear tests as shown in Figure 2.31 (Tutumluer et al. 2009b). This study applied the 
DEM simulation platform developed at the University of Illinois. Similar approach will be 
used to investigate the geogrid reinforced ballast behavior in triaxial tests to be discussed in 
Chapter 8. 
 
 
 
Figure 2.31 DEM simulations of direct shear tests on ballast reinforced with 
rectangular/triangular aperture geogrids (Tutumluer et al. 2009b) 
 
Depending on the type of application, different aperture shapes and sizes have been proposed 
by researchers to maximize the effects of geogrid reinforcement. For example, McDowell et 
al. (2006) used the DEM to propose a ratio of 1.4 between geogrid aperture size and ballast 
particle diameter to achieve optimum performance. Accordingly, for a ballast material with 
50 mm maximum particle size, the desired aperture size of ballast should be 70 mm (Brown 
et al. 2007).  
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Chen et al. (2012) conducted DEM simulations of geogrid reinforced ballast under cyclic 
loading as shown in Figure 2.32. Placing geogrid 100 mm above subballast was determined 
to be the optimal location if a single layer of geogrid was used based on this study. In Chapter 
8, reinforcement effect by placing geogrid at different depths of triaxial test specimens will be 
studied. Chen et al. (2013) also performed laboratory and DEM simulation studies of pull-out 
tests on geogrid reinforced ballast specimens. Both experimental and numerical results 
revealed triangular aperture geogrid performed better than rectangular aperture geogrid in this 
study. 
 
Figure 2.32 DEM model of simulating behavior geogrid reinforced ballast under cyclic 
loading (Chen et al. 2012) 
 
2.3 Ballast Behavior Modeling with Discrete Element Method  
 
2.3.1 Discrete Element Method (DEM) for modeling granular material behavior 
A granular material assembly exhibits complex behavior due to its discrete nature. To account 
for such particulate nature of granular materials in a numerical simulation, Discrete Element 
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Method (DEM) has been proposed by Cundall and Strack (1979), and is currently the most 
popular discontinuum-based numerical analysis approach. In DEM, a granular assembly is 
modeled as a discrete system in which each particle is modeled as an individual rigid element 
to explicitly account for particle interactions and associated energy dissipation. Figure 2.33 
illustrates the way force and displacement can be determined in a calculation cycle (Cundall 
and Strack 1979).This is certainly more realistic when individual grain deformations are 
considered and therefore, the DEM differs significantly from the continuum mechanics 
modeling framework which utilizes the Finite Element Method (FEM). Theoretical overlaps 
between particles are considered as material deformation of the particles in contact, and used 
to determine the contact force via a contact force – deformation law. Normal and shear 
springs are assumed between the particles to determine corresponding contact forces in each 
direction of the contact. The central difference scheme is used to integrate the second order 
differential equation of motion. The DEM calculation cycle is shown in Figure 2.34. 
 
 
Figure 2.33 Force and displacement calculation concept when two disks are compressed by 
rigid walls: a)t=to, b) t=to+Δt, and (c)t= to+2Δt (Cundall and Strack 1979) 
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Figure 2.34 DEM calculation cycle (Cundall 1988) 
 
In the original DEM introduced by Cundall and Strack in 1979, which was applied to 
simulate particle contact force distribution of a granular material assembly, each particle was 
modeled as a two-dimensional (2D) disk. Later on, DEM has evolved to consider realistic 
particle shapes for more accurate interactions between particles as shown in Figure 2.35 
(Cundall 1988, Ghaboussi and Barbosa 1990, Hogue and Newland 1994, Williams and 
O'Connor 1999, Sallam 2004, Zhao et al. 2006, Peña et al. 2007, Latham et al. 2008, Andrade 
et al. 2012, Mollon and Zhao 2013).  
 
 
 
 
 
 
Block motion update 
for all particles
Contact force update 
for all contacts
New forces New motions
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(a) Ghaboussi and Barbosa (1990) (b) Zhao et al. (2006) 
 
 
(c) Latham et al. (2008) (d) Mollon and Zhao (2013) 
 
Figure 2.35 Particles used in previous research studies other than disks or spheres 
 
Consideration of realistic particle shapes requires expensive geometric tests for contact 
detection, so significant algorithmic developments have been made for faster particle contact 
detection. In 1988, Common Plane (CP) method (see Figure 2.36) was first introduced and 
utilized in DEM simulations with polyhedral particle modeling to simplify particle to particle 
contact detection into a much faster particle to plane contact detection problem (Cundall 
1988).  
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Figure 2.36 Example of common-plane (CP) between two particles (Cundall 1988) 
 
 
There are also other discrete numerical analysis methods which exclude particle penetration, 
such as Event-Driven Method (EDM) (Luding et al. 1996) and Contact Dynamics Method 
(CD) (Moreau 1994; Jean 1995). Saussine et al. (2004, 2006) successfully applied the contact 
dynamics method for investigating ballast behavior as shown in Figure 2.37. Recently, as 
high speed rail draws more and more attention, Quinn et al. (2010) conducted large-scale 
simulations by applying contact dynamics to investigate the issue of “flying ballast” under 
high speed trains (see Figure 2.38).  
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Figure 2.37 Simulating ballast behavior using non-smooth contact dynamics method 
(Saussine et al. 2006) 
 
 
 
Figure 2.38 Full scale track simulation with non-smooth contact dynamics method conducted 
in French National Railway Company (SNCF) (Quinn et al. 2010) 
 
2.3.2 DEM Modeling of Triaxial Tests on Granular Materials 
For a proper DEM simulation of a laboratory triaxial test, it is necessary to model the flexible 
membrane (i.e., specimen latex membrane) surrounding the ballast specimen. Previous 
research efforts considered chains of circular or spherical particles to simulate the membrane 
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(Bardet 1994, Iwashita and Oda 2000, Markauskas and Kacianauskas 2006, Wang and Tonon 
2009). Figure 2.39 gives an example of using spherical particles to simulate flexible 
membrane. Lee et al. (2012) developed a variation of this approach for polyhedral DEM 
simulation; rigid rectangular cuboid discrete elements were positioned in a cylindrical 
arrangement to simulate the flexible membrane.  
 
 
 
Figure 2.39 Cylindrical specimen membrane simulated with spherical particles (Wang and 
Tonon 2009) 
  
Another challenge for the DEM simulation of a laboratory triaxial test is the computational 
expense. In the case of typical monotonic strength tests conducted at the standard strain rate 
of 1%/min, it takes only 5 minutes to reach the targeted 5% axial strain in the laboratory. 
However, for the DEM simulations, typical time step is as small as 10-6 seconds, resulting in 
as many as 108 time steps required to reproduce a triaxial test. Accordingly, it will take more 
than 10 days to complete a single DEM simulation in a regular PC, which is never practical to 
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repeat several DEM simulations to get meaningful averaged values of the results. Also, a 
sophisticated process needs to be adopted to calibrate the modeling parameters, such as 
damping ratios.  
 
An alternative approach, referred to here as the “incremental displacement” shearing method 
(IDSM), was used to mimic the quasi-static loading scheme with computational resources 
and run-time greatly saved. The IDSM was successfully employed by Lee et al. (2012) to 
simulate triaxial compression tests on sands, although the terminology was not explicitly 
introduced. In Lee et al. (2012) study, the top platen was allowed to move incrementally to 
shear the sand specimen, rather than moving it continuously, and the stresses and strains were 
then calculated after the test specimen reached equilibrium under the new boundary condition. 
This dynamic relaxation scheme could shorten the run-time to simulate quasi-static problems. 
Similar approaches for DEM simulations of triaxial tests can also be found in other studies 
(Iwashita and Oda 2000, Wang and Tonon 2009). Recently, Ma et al. (2014) combined FEM 
and DEM together and successfully simulated triaxial compression tests with polyhedral 
particles (see Figure 2.40). The specimen bulging configuration at different axial strain in the 
simulation was given. In Chapter 3, specimen bulging configuration at different axial strain in 
both the simulation and experimental test will be presented. 
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Figure 2.40 Visualized triaxial specimen in combined FEM/DEM simulation (Ma et al. 2014)   
 
2.3.3 DEM modeling for railroad ballast simulation 
Numerical modeling of railroad ballast behavior requires conducting simulations of aggregate 
particle assemblies using the DEM to address the particulate nature of ballast aggregates (see 
Figure 2.41). Indraratna et al. (2010a) studied ballast behavior under cyclic loading for 
permanent deformation and ballast degradation by the use of 2D DEM simulations. For the 
numerical simulations, fifteen particles of different shapes were selected as representative 
railway ballast shapes. These representative shapes were obtained from the 2D projections of 
actual ballast particles. To generate the fifteen particle shapes, clusters of bonded circular 
particles were used. A group of circular particles represented an irregular ballast particle. 
During cyclic loading, degradation of the bonds was considered as particle breakage. In a 
similar approach, Lu and McDowell (2010) studied ballast behavior by modeling ballast 
particles as ten-ball triangular clumps with eight small balls (asperities) bonded together.   
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Indraratna et al. (2012) tested the behavior of fresh and fouled ballast materials under direct 
shear tests. Numerical simulations were conducted with a 3D DEM software, PFC3D (a 
commercial software developed by Itasca Consulting Group). In the simulations, nine ballast 
shapes were selected. A number of spheres were linked and overlapped to model irregular 3D 
particle shapes as clumps. For the simulation of the fouled ballast, small scale particles were 
injected into the voids of the fresh ballast. During shear strength testing, ballast breakage was 
not considered. This model could capture the stress-strain behavior of ballast particle 
assemblies, but the predicted volumetric strains were higher than the values obtained from the 
laboratory tests. This approach has advantages such as keeping computational cost 
manageable, and easy to simulate particle breakage. However, the bonds of circular or 
spherical particles cannot reflect actual ballast behavior due to missing representatives of 
angularities of the crushed stone ballast materials. Thus, realistic particle interactions and 
granular assembly behavior could not be captured by the modeled particles.  
 
Laryea et al. (2014) recently conducted an experimental study to compare the settlement 
performances of ballast under concrete and steel crossties. DEM simulations were also 
conducted with irregular shapes of elements created by bonding spherical particles together. 
With an increase in number of spherical particles used in one clump, the more representative 
an element can be in case of realistic ballast particle shapes considered. Both the 
experimental results and the DEM simulations indicated the steel crossties could provide a 
better solution in short term with respect to ballast settlement. 
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(a) Indraratna et al. (2010) (b) Lu and McDowell (2010) 
 
 
(c) Indraratna et al. (2012) (d) Laryea et al. (2014) 
 
Figure 2.41 Examples of recent research efforts simulating ballast behavior with DEM  
 
2.3.4 Previous DEM studies at the University of Illinois 
Ghaboussi and Barbosa (1990) developed the first polyhedral 3D DEM code, BLOCKS3D, 
for simulating granular particle flow at the University of Illinois at Urbana-Champaign 
(UIUC). Second generation polyhedral DEM code, BLOKS3D, was developed from the 
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ground up based on the original BLOCKS3D program, significant algorithmic advancements 
that resulted in very fast particle contact detection and more usable DEM simulations with 
realistic polyhedral particles were achieved (Nezami et al. 2004, Zhao et al. 2006, Nezami et 
al. 2006, Nezami et al. 2007, Lee et al. 2011, Lee et al. 2012). Note that the new BLOKS3D 
includes vastly enhanced particle shape properties and contact detection methods to provide 
both improved coding and significantly faster computational algorithms to shorten DEM 
simulation run-times and make them computationally affordable, especially the "shortest link 
method" (see Figure 2.42) significantly reduced computation expense (Nezami et al. 2006). 
Recently, an impulse-based Discrete Element Method (iDEM) was developed and proved to 
significantly increase computational efficiency (Lee 2014). 
 
 
 
Figure 2.42 Illustration of shortest link between two particles (Nezami et al. 2006) 
 
When calculating contact forces with BLOKS3D, several modeling parameters need to be 
introduced. The contact between two elements is controlled by three major modeling 
parameters: (1) normal spring stiffness (Kn), (2) shear spring stiffness (Ks), and (3) 
inter-particle friction angle (𝜙𝜇
′ ). Figure 2.43 gives a schematic of the contact model adopted 
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in BLOKS3D program. 
 
 
 
Figure 2.43 DEM modeling parameters used in BLOKS3D (Huang 2009) 
 
Normal contact stiffness (Kn) controls the normal contact force and relative displacement that 
is perpendicular to the common plan between two elements. Shear contact stiffness (Ks) 
controls incremental shear force and relative displacement that is parallel to the common 
plane between two elements. Inter-particle friction angle (𝜙𝜇
′ ) controls the friction between 
two elements in contact and acts as a frictional slider. Global damping and contact damping 
are also utilized in BLOKS3D. Focusing on the fundamental mechanics of particle contacts, 
the DEM simulation platform developed in the University of Illinois can simulate material 
behavior in macro-scope by selecting appropriate modeling parameters in micro-scope. The 
values normal contact stiffness (Kn), shear contact stiffness (Ks), and inter-particle friction 
angle (𝜙𝜇
′ ) used later on in simulating limestone type ballast behavior under triaxial tests (see 
Chapter 3) are the same as used previous in simulating limestone type ballast behavior under 
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direct shear tests (Huang 2009). 
 
Tutumluer et al. (2006) simulated ballast behavior using BLOKS3D with polyhedron 
particles recreated through image analysis of actual ballast particles with UIAIA quantified 
shape properties. The DEM approach was first calibrated by laboratory large scale direct 
shear test results for ballast strength simulations (Huang and Tutumluer 2011). The calibrated 
DEM model was then utilized to model strength and settlement behavior of railroad ballast 
for the effects of aggregate morphological properties (Tutumluer et al. 2006, 2007). More 
recent applications of the calibrated DEM model investigated ballast gradation (Tutumluer et 
al. 2009) and fouling issues (Tutumluer et al. 2008; Huang and Tutumluer 2011) that are 
known to influence track performance. A successful field validation study was conducted 
with the ballast DEM simulation approach through constructing and monitoring field 
settlement records of four different ballast test sections and then comparing the measured 
ballast settlements under monitored train loadings to DEM model predictions (Tutumluer et 
al. 2011). More recently, Lee et al. (2012) represented realistic drained and undrained 
responses of sands via polyhedral DEM simulations of triaxial compression tests with 
BLOKS3D.  
 
2.3.5 University of Illinois Aggregate Image Analyzer (UIAIA) 
Imaging technology provides detailed measurement of aggregate shape, texture and 
angularity properties and has been successfully used in the last two decades for quantifying 
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aggregate morphology. In the integrated computational and experimental framework, 
quantifying particle shape properties through image analyses is an important step which link 
particle properties in micro-scale to ballast assembly behavior in macro-scale. Among the 
various particle morphological indices, the flat and elongated (F&E) ratio, the angularity 
index (AI), and the surface texture (ST) index, all developed using the University of Illinois 
Aggregate Image Analyzer (UIAIA), are key indices as illustrated in Figure 2.44. The 
detailed definitions and calculation steps of AI, F&E, and ST can be found elsewhere (Rao et 
al. 2002, Pan et al. 2006).  
 
 
 
Figure 2.44 Key morphological descriptors of aggregate particles quantified by image 
analysis indices 
 
Tutumluer et al. (2006) introduced an image analysis based 3D aggregate shape recreation 
approach to represent individual ballast particle sizes and shapes, and modeled polyhedral 
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particles for use in 3D DEM simulations as shown in Figure 2.45. Nearly, 24 individual 
particles have been generated and collected as particle library in BLOKS3D as shown in 
Figure 2.46. 
 
 
 
Figure 2.45 Aggregate imaging based railroad ballast discrete element generation. 
 
 
Figure 2.46 Particle library in BLOKS3D (Lee 2014) 
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2.4 Summary 
 
Previous research studies on experiments and DEM simulations have been reviewed in this 
chapter. Experimental results with ballast material, especially test results from previous 
triaxial tests were described. Test equipment, loading conditions, and other specimen 
characteristics that had impact on ballast behavior were reviewed. Ballast reinforcement with 
geogrid was also discussed. From laboratory scale to field scale, ballast settlement behavior 
in the field and one major issue, differential settlement in track transition zone, were studied. 
Moving forward with ballast service life, ballast fouling mechanisms and previous research 
efforts that focus on the impact of fouling and moisture on ballast behavior were summarized.  
 
From the numerical modeling perspective, discrete element method (DEM) was introduced 
along with the previous findings on using the DEM to simulate granular material or ballast 
behavior. Critical components of the integrated computational and experimental framework 
such as the DEM simulation program and image analysis technique developed at the 
University of Illinois were introduced in detail. 
 
Based on the literature, current accomplishment and remaining challenges could be identified. 
The achievement of this integrated computational and experimental framework will be 
discussed in details in the following chapters.  
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CHAPTER 3 
 
3. LARGE SCALE TRIAXIAL TESTS AND DEM 
SIMULATIONS ON CLEAN BALLAST MATERIALS  
 
In this chapter, the integrated computational and experimental framework is applied to study 
clean ballast strength and deformation behavior under large scale triaxial tests. From grain 
size scale, ballast particle shape properties and gradation information are analyzed. Large 
scale triaxial monotonic shear strength test and repeated loading tests are conducted in the 
laboratory scale. The laboratory test results showed the shearing rate has no significant effect 
on ballast stress-strain behavior. 
 
Based on the detailed information from grain scale and laboratory scale, numerical 
simulations based on discrete element method (DEM) are performed. The DEM simulation 
adopted “incremental displacement shearing method” which faithfully captured the 
stress-strain responses of the ballast material obtained from the large scale triaxial 
compression tests with significant savings of computational expense. This chapter 
demonstrates that the proposed framework is a suitable tool for simulating the shear strength 
and deformation behavior of clean ballast materials with enhanced predictive capabilities and 
modeling efficiency. 
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3.1 Laboratory Test Description 
 
3.1.1 Large scale triaxial test device 
A large scale triaxial test device (TX-24) has recently been developed at the University of 
Illinois for testing specifically ballast size aggregate materials (see Figure 3.1). The acrylic 
test chamber is made of high strength glass fiber with dimensions of 61.0 cm (24 in.) in 
diameter and 122.0 cm (48 in.) in height. The ballast specimens have dimensions of 30.5 cm 
(12 in.) in diameter and 61.0 cm (24 in.) in height. An internal load cell (Honeywell Model 
3174) with a capacity of 89 kN (20 kips) is placed on top of the specimen top platen. Three 
vertical Linear Variable Differential Transformers (LVDTs) are placed around the cylindrical 
test specimen at 120-degrees angle between each other to measure the vertical deformations 
of the specimen from the three different side locations.  These vertical LVDTs are anchored 
to measure the deformation of the middle part of the specimen to avoid boundary effect at 
both ends of the specimen. Another LVDT can also be mounted on a circumferential chain 
wrapped around the specimen at the mid-height to measure the radial deformation of the test 
specimen (see Figure 3.2).  
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Figure 3.1 Large scale triaxial test device in the University of Illinois (TX-24) 
 
 
 
Figure 3.2 LVDTs installed around the test specimen  
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3.1.2 Material properties of ballast studied  
The ballast material used in the strength tests was a clean limestone having 100% crushed 
aggregates. Figure 3.3 shows the gradation properties of the ballast material which adequately 
met the AREMA No. 24 gradation requirements. One full bucket of the ballast material was 
scanned and analyzed using the recently enhanced UIAIA to determine the values of the F&E 
ratio, AI, and the ST index. These shape indices were then used as the essential 
morphological data to generate ballast aggregate particle shapes as 3D discrete elements in 
the ballast DEM model. Table 3.1 lists the gradation properties and the average values of the 
limestone ballast shape indices used in the DEM simulations. 
 
 
Figure 3.3 Gradation properties of the limestone ballast material studied 
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Table 3.1 Properties and UIAIA based shape indices of ballast material tested 
Ballast Type 
Angularity Index 
(degrees) 
Flat & Elongation 
Ratio 
Surface 
Texture 
Cu Cc 
Limestone 440 2.3 2 1.46 0.97 
 
3.1.3 Test specimen preparation  
An aluminum split mold was used to prepare the ballast test specimens. Three layers of a 
latex membrane, with a total thickness of 2.3 mm, were fixed inside the split mold and held in 
place by applying vacuum to prepare each specimen in layers. A thin layer of geotextile was 
placed on top of the base plate to prevent clogging of the vacuum pump. Approximately 68 
kg (150 lbs) of ballast material was mixed in a tarp as shown in Figure 3.4, divided into four 
piles evenly and stored in four buckets. Then the ballast was poured into the mold evenly in 
four lifts, each lift with one bucket and constructed approximately 15 cm high (6 in.). The 
ballast specimen was compacted with an electric jack hammer for about four seconds during 
construction of each lift. After compacting all four lifts, the test specimen was checked for the 
total height and the leveling of the top plate. The specimen preparing procedures are also 
illustrated in Figure 3.5. A uniform compaction effort was applied for building each limestone 
ballast specimen with an achieved target void ratio of around 0.68.  
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Figure 3.4 Ballast material mixed and divided into four piles following the quartering 
technique 
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Figure 3.5 Large-scale triaxial test specimen preparation procedures 
 
3.1.4 Monotonic compression test 
The monotonic loading triaxial compression tests for the ballast strength were conducted at 
four different confining pressures, at 69 kPa (10 psi), 103 kPa (15 psi), 138 kPa (20 psi), and 
207 kPa (30 psi) in displacement control mode. The ballast strength tests were conducted at 
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two different loading rates; slow conventional and rapid traffic induced. The shearing rate for 
the slow conventional strength test was adopted as 1% strain per minute, corresponding to 
0.1016 mm/s, which is a common triaxial test shearing rate in the standard soil mechanics or 
geotechnical engineering practice. Note that Garg and Thompson (1997) evaluated strength 
properties of granular materials under transportation vehicle loading at rather rapid 
monotonic loading rates of the ram moving up to a maximum displacement of 38 mm (1.5 in.) 
per second. With the intent to also investigate the influence of higher traffic induced loading 
rate on the large scale triaxial strength test results of ballast materials, laboratory tests were 
conducted at both the rapid shear rate of 5% strain per second as well as the slow shear rate 
of 1% strain per minute. Considering the 61.0-cm (24-in.) high ballast specimen, these 
loading rates correspond to vertical ram movements of 30.5 mm (1.2 in.) per second and 6.1 
mm (0.24 in.) per minute, respectively. Due to the large movements of the ram causing 
instant bulging and shearing of ballast specimens, the circumferential chain and the LVDTs 
were not used during the ballast strength tests. 
 
3.1.5 Results of monotonic compression tests 
The results of the large scale triaxial strength tests on the limestone ballast specimens 
presented no significant differences for the different (slow and rapid) shearing rates adopted 
(see Figure 3.6). As expected, the maximum deviator stress increased with increasing 
confining pressure and the test results show the initial slope of stress-strain curve to be 
similar and consistent for the different confining pressures for both the slow and rapid 
shearing rates. In other words, the rapid shearing rate of 5% strain per second, corresponding 
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to 30.5 mm/s (1.2 in./s), and the slow shearing rate of 1% strain per minute, corresponding to 
0.102 mm/s, yielded similar stress-strain curves at 69, 103 and 138 kPa (10, 15 and 20 psi) 
target confining pressures. Note that the slow shearing test missing in Figure 3.6 for the 207 
kPa (30 psi) target confining pressure was not performed. Nevertheless, Figure 3.6 clearly 
indicates that the shearing rate is not a significant factor in these monotonic loading tests to 
influence the ballast strength results. In other words, the ballast strength results from 
monotonic loading tests are not sensitive to the shearing rate. The rapid shear test was 
previously introduced to better simulate traffic loading conditions in the field to determine 
the strength properties (Garg and Thompson 1997); however, such a test has less tolerance for 
specimen misalignment. The rapid test can also raise safety concerns in a laboratory 
environment. On the other hand, a slow test is more advantageous in that the operator can 
better control the test boundary conditions.  
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Figure 3.6 Laboratory ballast triaxial strength test results 
 
3.1.6 Effect of particle arrangement 
To investigate the effect of particle arrangement on the laboratory results, three strength tests 
were performed on one type of ballast material having the same particle shapes in the same 
gradation. The only difference among the tested specimens is that the particle arrangement 
was randomly packed. For each test, the same ballast particles were mixed and divided into 
four piles in a tarp before constructing the specimen as shown in Figure 3.4. One pile was for 
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one lift. After each of three strength tests, the ballast material was sieved again and the 
gradation change was checked. Figure 3.7 shows the gradation did change after three strength 
tests due to particle abrasion and breakage. The initial total weight before strength test was 
68,154.9 g. After three compression test, the total weight reduced by 51.2 g. This implies 
material loss during the test procedure was very minor, and the measured gradation was not 
affected by loss of material during material collection and specimen preparation. The 
gradation of the ballast material after three strength tests did not meet the requirement of 
AREMA No. 24 gradation anymore, so no more strength test was performed with the same 
material. 
 
Figure 3.8 presents laboratory test results from three different initial configurations with slow 
shear rate. Figure 3.8 also gives the 87% confidence interval of the average values from all 
the three laboratory tests with different initial configurations. It is clearly shown that initial 
configuration influences the experimental test results. 
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Figure 3.7 Gradations of ballast specimen before and after three strength tests 
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Figure 3.8 Laboratory results from three different initial conditions tested at 69 kPa confining 
pressure 
 
3.1.7 Repeated load permanent deformation tests 
To investigate ballast permanent deformation behavior, repeated load triaxial tests were 
conducted in the laboratory. The loading pulse employed was a haversine shape with a 
duration of each pulse of 0.4 seconds and 0.6 seconds rest period adopted between each two 
loading cycles (see Figure 3.9). This loading duration was determined based on the previous 
study that considered actual axle spacing and car length (Huang et al. 2010). The confining 
pressure was 8 psi (55.1 kPa) and the peak deviator stress was 24 psi (165.4 kPa), giving a 
σ1/σ3 stress ratio of 4:1. Three specimens were prepared and applied up to 10,000 cycles of 
the repeated loading. The deformation of the middle portion of the specimen was recorded 
during each loading cycle.  
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Figure 3.9 Loading pulse used in the laboratory permanent deformation tests 
 
3.1.8 Results of permanent deformation tests 
The results of the large scale triaxial permanent deformation tests on the limestone ballast 
specimens clearly showed the permanent deformation increased with the increasing of 
number of loading cycles but the rate of accumulation decreased with the increasing of 
number of loading cycles. Permanent deformations accumulated mainly during the first 2,000 
cycles and then increased very slowly and became stable. Due to the small loading magnitude, 
the permanent strains for three different specimens after 10,000 loading cycles were relatively 
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small and varied from 0.5% to 1.3% (Figure 3.10). The difference was probably due to the 
variations of the particle initial configurations. Note that compared with the maximum ballast 
particle size (over 50 mm) and D50 of the gradation (around 30 mm), 1% axial strain was only 
3 mm.  
 
 
 
Figure 3.10 Laboratory permanent deformation test results up to 10,000 load cycles-three 
different initial configurations 
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3.2 Triaxial Monotonic Compression Test Simulations 
 
A total of 96 rigid rectangular cuboid discrete elements (in eight-layers) were used to form a 
cylindrical membrane chamber to confine the ballast specimen, as shown in Figure 3.11. 
Each layer had 12 equal sized elements and the dimension of each single element was 20.32 
cm (8 in.) long, 10.16 cm (4 in.) wide, and 7.62 cm (3 in.) high. These elements were only 
allowed to move in radial direction. Rotations and translations in the other directions were 
restricted to replicate the deformation of membrane. Note that these elements were required 
to have certain thickness to avoid any gap between vertically adjacent layers when 
differential radial displacements between them were relatively large. Similarly, the elements 
were also allowed to have sufficient lengths to overlap horizontally adjacent elements to keep 
the circular chamber closed during simulation of triaxial tests. The membrane elements were 
assigned very little weight (Gs=0.003) in an effort to facilitate motion updating and they did 
not provide appreciable confinement on the specimen other than the applied confining 
pressure. No contact detection was made between these elements to allow for each element to 
move freely, independent of neighboring elements. The friction between the membrane 
elements and the ballast particles in contact with them was ignored during the DEM 
simulations.  
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Figure 3.11 Flexible membrane (left) and the confined ballast sample in the triaxial test 
chamber (right) used in the DEM simulation 
 
After the membrane was formed, ballast particles were poured into the cylinder and the top 
platen was placed on top of the sample. In this way, around 500 particles were used to fill in 
the chamber. Compaction of the specimen was then required to achieve the target density, as 
conducted in the laboratory experiment for each corresponding test specimen under different 
confining pressures. Once the ballast DEM sample preparation was completed, the shear 
loading could be performed by vertically moving a top platen. The ballast particles in the 
DEM simulation were randomly generated in BLOKS3D, according to the gradation and 
shape library defined, so the initial configuration was different from one simulation to another. 
Therefore, the DEM simulations were repeated three times for each test scenario and an 
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average value of the three simulations was taken to reduce the initial configuration effect. The 
details of the model parameters used in the DEM simulations are listed in Table 3.2.  
 
The DEM model parameters (Kn, Ks, and 𝜙𝜇
′ ) were calibrated in a previous study for 
modeling the deformation behavior of typical ballast types and materials (Huang 2009). This 
was a starting point in the calibration, which is aimed to tackle the fundamental mechanisms 
at the grain scale through a trial and error process, as described by Lee (2014). Once the 
DEM model parameters are calibrated for the micromechanical interactions, the assembly 
behavior at the macro scale can be closely reproduced.  
 
As the first step in the calibration process, the normal contact stiffness (Kn) and shear contact 
stiffness (Ks) were kept the same, while the inter-particle friction angle (𝜙𝜇
′ ), closely linked to 
particle surface roughness, was varied until the simulation results were comparable to the 
experimental results. After selecting the inter-particle friction angle (𝜙𝜇
′ ), the normal contact 
stiffness (Kn) and shear contact stiffness (Ks) were adjusted until certain values beyond which 
the simulation results had no significant change. The smallest values were selected in order to 
conduct large scale simulations within a critical time step since numerical stability is 
inversely proportional to the normal contact stiffness (Zhao et al. 2006). Damping ratios, 
including global damping and contact damping, are used for energy dissipation. The damping 
ratios were selected to facilitate the convergence after each trial and error process. For the 
same aggregate material, the normal contact stiffness (Kn), shear contact stiffness (Ks), and 
the inter-particle friction angle (𝜙𝜇
′ ) can remain the same for different laboratory and field test 
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simulations. However, for different simulation configurations, i.e. triaxial and direct shear 
tests and field tests, the damping ratios should be selected appropriately according to different 
test configurations through trial and error process to facilitate the convergence.  
 
In this study, “incremental displacement” shearing method (IDSM) was adopted. The 5% 
total axial strain (30.5 mm) was reached after 500 incremental displacement stages. At each 
stage, the top platen moved by 6.096×10-4 mm and then the simulation was continued while 
the whole system was re-equilibrated before the next incremental displacement was applied 
(see Figure 3.12). The IDSM significantly reduced the CPU time to around 30 hours to 
complete each triaxial test simulation, which provided significant savings in computational 
resources compared with the estimated 15 days it would take with the using continuous 
shearing method in the DEM simulation. More importantly, it avoided difficulties and time 
taking processes to calibrate modeling parameters by adopting IDSM to exclude strain rate. 
Note that in order to finish one experiment in the laboratory, it would take almost one 
business day with two technicians to prepare and perform the test, including sieving the 
ballast material, engineering gradation, mixing materials, preparing test specimen, 
assembling the test setup, and operating the test equipment. 
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Table 3.2 Model parameters used in ballast DEM triaxial test simulations 
DEM Model Parameter Value 
Inter-particle Friction Angle 31° 
Normal Contact Stiffness 20 MN/m 
Shear Contact Stiffness 10 MN/m 
Global Damping 0.06 
Contact Damping 0.03 
Time Step 2.70×10-6 sec 
Ballast Material Density 2.65×103 kg/m3 
 
 
 
Figure 3.12 Flow chart for IDSM used in simulating monotonic triaxial shear strength test 
 
 
Figure 3.13 shows the particle arrangement in DEM at different stages of the strength test and 
illustrates the bulging of laboratory test specimen and the prediction of the DEM simulation 
at 0%, 5%, and 10% strain, respectively. Figure 3.14 presents the results of the DEM 
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simulations obtained using the “incremental displacement” shearing method and compares 
them with the test results from the experimental study. It is clearly shown that the DEM 
computed results obtained from the “incremental displacement” shearing method match 
closely with the experimental results. Applying quasi-static loading schemes instead of quick 
loading in the DEM simulations could still capture the same deformation trends of the actual 
test sample loaded under rapid shear conditions in the laboratory. This implies the loading 
rate has insignificant effect on the ballast strength measured and the DEM approach can 
reproduce these inherent characteristics.  
 
 
 
Figure 3.13 Deformed ballast specimen configuration from the rapid shear experiment (up) 
and the DEM simulation (down) at 69 kPa confining pressure 
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Figure 3.15 presents the stress paths traced in the laboratory tests with both rapid and slow 
shear strain rates and the corresponding DEM simulation predictions from the “incremental 
displacement” shearing method and the continuous shearing method with slow shear strain 
rate. Note that the friction angles calculated based on the peak deviator stresses are also given 
in Table 3.3.  It is clearly indicated that friction angles decreased when the confining 
pressure increased in the laboratory tests and the DEM simulations captured this trend. The 
calculated friction angles from DEM simulation predictions match reasonably well with the 
values calculated from the laboratory test results. 
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Figure 3.14 Comparison of DEM simulation and experimental results of strength tests  
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Figure 3.15 Stress paths of triaxial rapid shear strength tests and DEM simulations  
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Table 3.3 Calculated friction angles from laboratory tests and DEM simulations 
Confining 
Pressure 
Friction Angle 
Laboratory Test  DEM Simulation 
Rapid Shear Slow Shear IDSM Continuous 
(kPa) (degrees)  
69 44 45 43 43 
103 43 44 42 42 
138 41 40 41 40 
207 40 -- 40 39 
 
3.2.1 Effect of particle arrangement in DEM  
In both field condition and laboratory experiments, the ballast particles are randomly 
arranged to realistically simulate random initial particle arrangements of ballast specimens. 
Due to the particulate nature of ballast, particles always have random shapes, whether they 
are as large as clean ballast particles or as small as fine sandy materials. Thus, the initial 
particle arrangement of a ballast particle assembly varies from case to case. The DEM 
simulations undertaken in this study generated ballast particles randomly, according to the 
gradation and the shape libraries defined, so the initial particle arrangement was also different 
from one simulation to another, similar to the conditions of the laboratory specimens tested. 
However, the effect of initial particle arrangement variation in the DEM simulations has not 
been investigated thoroughly yet.  
 
The “incremental displacement” shearing method adopted in this study significantly reduced 
the CPU time to around 30 hours to complete each triaxial test simulation, which was 
significant savings in computational resources and also offered possibility to investigate the 
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effect of initial particle arrangement.   
 
Figure 3.16 presents the DEM simulation predictions from seven different initial 
configurations with the “incremental displacement” shearing method compared with 
laboratory results obtained from the rapid shear tests. Figure 3.16 also gives the 87% 
confidence interval of the average values from all the seven DEM simulations with different 
initial configurations. Each simulation had exactly the same conditions except the initial 
particle arrangement was randomly generated to mimic the real situation. The DEM 
simulation predictions did show the different initial configurations yielded different 
stress-strain curves.  
 
Figure 3.17 shows the comparisons of laboratory results and the average values obtained 
from the different DEM simulations (average values of simulations with three, five and seven 
different initial configurations, respectively). The discrepancy caused by different initial 
configurations can be successfully reduced by taking average values of several DEM 
predictions. The difference between the average values from three, five, and seven different 
initial configurations can be omitted as indicated in Figure 3.17. Thus, a minimum of three 
repetitions is suggested to eliminate the discrepancy caused by the different initial 
configurations in DEM simulations. 
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Figure 3.16 DEM simulation results from seven different initial conditions 
 
 
 
Figure 3.17 Averaged DEM simulation results from different initial conditions 
 
 
 
 
 
(5% strain/sec)
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3.3 Large Scale Triaxial Permanent Deformation Test Simulations 
 
3.3.1 Simulating repeated loading using IDSM 
Compared to the monotonic loading strength tests, the permanent deformation tests are 
conducted with repeated loading to take much longer time to complete in the laboratory and 
similarly, in the DEM simulations. From the laboratory test results of large scale triaxial 
strength tests, the shear strength was shown in the previous section to be insensitive to the 
shearing rate; thus, incremental displacement shearing method could be used to simulate the 
strength tests. Based on literature review, the permanent deformation behavior of ballast is 
also not sensitive to loading rate; therefore, the incremental displacement method is also 
applicable to simulate the repeated loading tests. 
 
In shear strength tests, a target strain level is commonly established since the test is 
conducted in displacement control. In repeated loading tests, however, the target stress is 
designated by the form of applied loading pattern and the resulting permanent strain level is 
unknown. Thus, to simulate the repeated loading pattern in the DEM simulations, the top 
platen was first allowed to move downward by 6.096×10-4 mm and then, the simulation was 
continued while the whole system was re-equilibrated and checked if the stress on top of the 
specimen reached a target stress level (165 kPa in this study) or not. If the stress applied on 
top of the specimen was less than the target stress, the top platen would be allowed to move 
downward by another 6.096×10-4 mm to check the stress on top of the specimen when the 
whole system was re-equilibrated. This way, the top platen kept moving downward step by 
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step until the target stress was reached. After the target stress was reached, the top platen 
would be allowed to move upward by 6.096×10-4 mm and then, the simulation was continued 
until the whole system was re-equilibrated. The top platen was moved upward step by step to 
simulate the unload stage of the repeated loading as well. The movement of top platen in each 
incremental step should be sufficiently small and was determined to be 6.096×10-4 mm (same 
as the strength test simulation) in this study to avoid increasing or decreasing pressure too 
quickly on the top platen by a single movement. Figure 3.18 gives the stress-strain curves of 
the first 10 loading cycles from the laboratory experiment and the DEM simulation, 
respectively. Figure 3.19 shows the flow chart of the IDSM used in simulating the triaxial 
permanent deformation tests. 
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Figure 3.18 Comparisons of loading cycles used in the experimental study and the DEM 
simulation 
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 Figure 3.19 Flow chart for IDSM used in simulating triaxial permanent deformation tests 
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3.3.2 Importance of compaction in DEM simulations 
After successfully simulating the large scale triaxial strength test with the flexible membrane 
assembled by rigid rectangular cuboid discrete elements and polyhedron particles, the same 
technique was adopted to simulate the membrane used in the large scale triaxial permanent 
deformation tests. After the membrane was formed, ballast particles were poured into the 
cylinder and the top platen was placed on top of the specimen. In this way, around 500 
particles were used to fill in the chamber. Compaction of the specimen was then performed in 
the DEM simulation with cyclic loading similar to the specimen compaction in the laboratory 
experiment. However, it was interesting to note that by selecting appropriate height to let 
particles fall down under gravity, the specimen was already able to achieve the required 
density. Thus, it is necessary to investigate further to determine whether the compaction in 
the DEM simulations is mandatory or not.  
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Figure 3.20 Specimen preparation in DEM to reach target density by (a) particles falling 
under gravity, and (b) applying compaction 
 
To investigate the importance of compaction or stress history effects in DEM modeling, two 
simulations were performed with exactly the same initial configuration (denoted as “initial 
condition 1”) with the only difference being the first simulation experienced repeated loading 
without compaction after achieving the target density by free falling and the second 
simulation was compacted for a total of 16 seconds in four layers (same as laboratory 
condition) even if the target density was achieved by free falling particles. Due to the high 
computational expense, the two simulations were conducted only up to 2,000 loading cycles 
as shown in Figure 3.21. Compared with the laboratory results, the two simulations with and 
without compaction phase resulted in reasonably close prediction trends of permanent 
F
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deformation accumulation. The DEM simulation with compaction predicted reasonable 
matching permanent axial strain values to those of the experimental results. However, the 
DEM simulation without compaction yielded much higher permanent axial strains, although 
the density was similar as given in Table 3.4. Both the experimental results and the DEM 
predictions indicated the permanent deformation primarily accumulated in the initial dozens 
of loading cycles and then increased with a relatively stable rate. This rate was similar for all 
the DEM predictions and the experimental results, which also validated the DEM simulation 
approach adopted. The DEM simulation with compaction yielded much less permanent axial 
strain as compared with the DEM simulation without compaction. However, most of the 
differences in strain predictions were observed in the initial loading cycles.  
 
Figure 3.21 Comparison between experimental test and DEM simulation up to 2,000 cycles  
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Table 3.4 Void ratios of DEM simulation samples before and after compaction 
 Void Ratio 
Experiment 0.68 
DEM (IDLM) before compaction after compaction 
initial condition 1 0.682 0.679 
initial condition 2 0.678 0.677 
initial condition 3 0.679 0.675 
 
The two simulations have demonstrated that compaction is indeed very important, even in 
some cases when compaction will not increase density significantly, but compaction will still 
affect the particle packing structure or arrangement. Test specimens will yield less permanent 
strain with appropriate compaction because better particle packing is achieved with 
compaction. However, this compaction step will mainly have an influence on the initial 
permanent strain development under repeated loading. Upon further loading, the rate of 
permanent strain accumulation decreases and becomes stable after a certain number of load 
cycles. The compaction effect becomes less pronounced when relatively stable particle 
packing arrangement is gradually achieved with an increase in the number of load cycles, and 
the rate of permanent strain accumulation becomes similar for both the compacted and not 
compacted specimens. This is because initial particle arrangement has a significant influence 
on initial permanent strain accumulation rate, but when a relatively stable particle 
arrangement is achieved, the permanent strain accumulation rate is governed by material 
properties, such as gradation, angularity, flatness and elongation, surface texture, etc. Table 
3.4 also provides density information before and after compaction for other initial 
configurations. 
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3.3.3 DEM simulation results of permanent deformation tests  
By adopting the “incremental displacement” shearing method in DEM computations, it is 
possible to simulate many more loading cycles within limited time and available 
computational resources. Three DEM predictions of permanent strain with different initial 
conditions are given in Figure 3.22 for up to 2,000 loading cycles.  Table 3.4 lists the 
corresponding void ratios for each initial condition before and after compaction. The 
experimental results are also presented to compare with the DEM simulation results. 
Following the same procedure for specimen preparation in the laboratory experiments, the 
DEM simulations successfully captured the permanent strain accumulation trends and 
magnitudes. With different initial conditions, the permanent strain magnitudes for different 
laboratory tests or DEM simulations can vary but within a limited range. All the experimental 
results and DEM predictions showed that the permanent axial strain increased with a 
decreasing rate. The permanent strains accumulated at a rapid rate first and then, increased 
gradually when a relatively stable ballast deformation condition was reached. To properly 
consider the effects of different initial conditions, the average values of permanent strain 
were also calculated, as presented in Figure 3.22. Clearly, the DEM simulations, which 
predicted permanent deformations for up to 2,000 loading cycles are reasonably accurate 
when considering that the 1% of the axial strain is only 6 mm while the particle sizes could 
be as large as 60 mm. 
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Figure 3.22 Comparisons between the laboratory tests and the DEM simulations for up to 
2,000 load cycles  
 
3.3.4 Mechanism of permanent deformation development 
Ballast movement and permanent deformation (or settlement in the field) may happen due to 
particle rearrangement, particle abrasion, particle breakage, and densification. To check the 
ballast breakage condition, sieve analysis was performed before and after the permanent 
deformation tests in the laboratory. No significant gradation change was found from this 
forensic investigation. The change in gradation of the ballast material in the experimental 
study is summarized in Table 3.5. It is interesting to note that the gradations curves before 
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and after the test look somewhat similar. In other words, the ballast particles in this study did 
not experience noticeable breakage under the repeated loading conditions and particle 
breakage was not the main reason to cause permanent deformation in this case. 
 
Figure 3.23 presents the detailed laboratory results of the permanent strain accumulation with 
the number of load applications for the first 100 cycles of repeated loading. The experimental 
data clearly showed the permanent strain did not accumulate evenly with the increasing load 
cycles. Relatively “large” strain levels can accumulate very quickly within few cycles. This is 
probably because of sudden particle reorientation, rearrangement, or densification. Note the 
DEM code used in this study, BLOKS3D, employed polyhedron shaped rigid particles, thus, 
the similar sudden permanent strain accumulation behavior was also captured by the DEM 
simulations as indicated in Figure 3.23. In summary, at relatively small stress levels, particle 
breakage may not be the main mechanism contributing to permanent deformation 
accumulation of ballast test specimens. Particle reorientation, rearrangement, and 
densification may cause more abrupt accumulation of permanent strain. 
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Figure 3.23 Comparisons between the laboratory tests and the DEM simulations for the first 
100 cycles  
 
 
Table 3.5 Limestone gradation check after 10,000 cycles on permanent deformation test 
 Percentage Retained (%) 
Sieve size (mm) before test after test 
63.5 1.01 0.97 
50.8 5.49 4.59 
38.1 51.98 52.92 
25.4 38.45 38.72 
12.7 3.06 2.80 
Pan 0.0 0.0 
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3.4 Summary 
 
The shear loading rate applied in triaxial compression tests was found to have insignificant 
effect on the limestone ballast shear strength. Both traditional slow loading, 1% strain per 
minute, and a rapid shear test, 5% strain per one second, yielded similar stress-strain curves 
where ballast specimens were tested monotonically at four different confining pressures used 
in this study. 
 
After adequately addressing the initial conditions of individual test samples, the DEM 
simulations were conducted using “incremental displacement” shear methods. The 
“incremental displacement” shear method was a robust approach that not only reproduced 
closely the shear strength test results at different confining pressures but could also save 
significant computational resources and shorten DEM simulation run times.  
 
Initial particle arrangement is important and can affect the laboratory test and DEM 
simulation results. Careful consideration of the effects of initial particle arrangement is 
needed to evaluate the laboratory test and DEM simulation results. A minimum of three 
repetitions with different initial particle arrangements can help to reduce the discrepancy 
caused by the random particle arrangement and provide more representative predictions. 
 
Compaction is important for both the laboratory tests and the numerical simulations. Not only 
specimen density, but also particle arrangement depends on compaction. Appropriate 
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compaction can reduce the permanent strain in the initial loading stages. The compaction 
effect will become less significant as the number of loading cycles increases.  
 
The “incremental displacement” shear method can also be used to simulate repeated loading 
test because the loading frequency is not significant as compared with the applied load 
magnitude. The permanent strain increases rapidly in the initial loading stage but accumulates 
with a decreasing rate. The permanent strain mainly comes from particle reorientation, 
rearrangement, or densification instead of particle breakage when the deviator stress is 
relatively low. The DEM simulation platform developed at the University of Illinois could 
model confinement and applied stress conditions on cylindrical specimens and capture the 
stress-strain behavior from a ballast DEM simulation.  
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CHAPTER 4 
 
4. FIELD VALIDATION OF THE DEM MODELING 
APPROACH THROUGH FULL SCALE TRACK 
SIMULATION  
 
Previous chapter demonstrates that the proposed framework is a suitable tool for investigate 
the shear strength and deformation behavior of clean ballast materials. Moving forward to the 
field scale, this framework will be validated through full scale track simulation and field 
ballast settlement data collected from the Facility for Accelerated Service Testing (FAST) for 
Heavy Axle Load (HAL) applications at Transportation Technology Center (TTC) in Pueblo, 
Colorado. Different ballast materials will be studies in the grain size scale and provide 
valuable information to help perform numerical simulation to estimate ballast settlement 
behavior in the field. 
 
4.1 Field Ballast Test Description 
 
A field ballast performance study was conducted in Section 3 of the Facility for Accelerated 
Service Testing (FAST) for Heavy Axle Load (HAL) applications from the Association of 
American Railroads’ Transportation Technology Center (TTC) in Pueblo Colorado, under 
heavy axle loading (35.75 metric tons per axle) conditions. Figure 4.1 shows the High 
Tonnage Loop (HTL) of TTC in Pueblo, Colorado. There were four test zones constructed in 
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early 2010 with different ballast materials donated by AAR member railroads, BNSF, UP, 
CSX, and NS.  The ballast materials were randomly designated as Railroad 1 to Railroad 4 
(RR1 to RR4), and installed as new ballast layers on a 5-degree curved track. Each test 
section had 24.38 m-long test zone and 6.10 m-long transition zone between two configured 
test zones as shown in Figure 4.2. Since Section 3 of the FAST track was a curved track, an 
average of 0.11 m super-elevation was achieved during construction. The average thickness 
of ballast layer constructed was 0.36 m. The field tests allowed measurement of the ballast 
vertical settlement at two locations in each test section over time.  To more accurately 
measure the settlements taking place in the ballast layer and the subgrade, respectively, three 
settlement plates (see Figure 4.3) were installed in the middle of the rails, at field side, and at 
gauge side of the track for every location where field measurements were taken.  
 
 
Figure 4.1 Facility for Accelerated Service Testing (FAST) High Tonnage Loop at 
Transportation Technology Center (TTC) in Pueblo, Colorado (Courtesy of TTCI) 
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Figure 4.2 Ballast test sections constructed in section 3 of the HTL at TTC 
 
 
 
Figure 4.3 Photos of field construction site and final completed track at TTC HTL 
 
4.1.1 Material properties of ballast installed in the field study 
The ballast materials donated by all four AAR member railroads were clean granite having 
100% crushed aggregates. Figure 4.4 shows the grain size distributions of the four ballast 
materials. The three ballast materials RR 1, RR 2, and RR 3 had gradations that complied 
with the AREMA No. 24 requirements whereas the RR 4 ballast had a large proportion of the 
total sample as 38.1 mm (1-1/2 in.) size particles. 
RR4 RR3 RR2 RR1
Traffic Direction
Test Zone Transition Zone
24.38m (80ft) 6.10m (20ft)
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Figure 4.4 Gradations of the four ballast materials studied 
 
4.2 Image Analyses and Laboratory Testing of Ballast Materials 
 
One full bucket of each ballast material was scanned and analyzed using the UIAIA to 
determine the values of the F&E ratio, AI, and the ST index.  These shape indices were then 
used to create the aggregate particles as discrete elements in the ballast DEM model. Table 
4.1 lists the average values of shape properties of each granite type ballast material used in 
this field test study.  The ballast materials donated by RR 1 and RR 4 had both high 
angularity index (AI) and high surface texture (ST) characteristics.  Ballast material from 
RR 3 had more rounded particles (lower AI) and high surface texture (ST).  Ballast material 
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donated by RR 2 had both high AI and ST, however, this material had particles with the 
largest flat and elongated (F&E) ratio. 
 
Table 4.1 Ballast material characteristics 
Test 
Section 
Angularity 
Index 
Surface Texture 
Index 
Flat & Elongated 
Ratio 
AREMA 
Gradation 
RR 1 584 2.3 2.2 No. 24 
RR 2 590 2.5 3.5 No. 24 
RR 3 461 2.2 2.6 No. 24 
RR 4 509 1.8 2.3  No. 24* 
* Does not meet all gradation requirements 
 
4.3 Ballast initial compaction condition  
 
The level of field compaction or achieved density influences ballast behavior significantly.  
Similarly, the density of the simulated ballast layer in the numerical model dictates the 
computed settlement results. However, an appropriate and convenient method to quantify the 
ballast compaction level or density in the field is not readily available. To overcome this 
difficulty and evaluate the compaction levels of the ballast layers constructed in the different 
test zones, an open metal box, 0.305 m (12 in.) wide, 0.356 m (14 in.) long, and 0.152 m (6 
in.) deep, was placed on the subgrade during the construction of the RR 1 ballast layer 
according to the standard field practice, compactive effort (see Figure 4.5).  The box was 
then recovered and the total weights of the ballast materials inside the box before and after 
compaction were measured.  Using this approach, the compacted density of the ballast layer 
in RR 1 test zone could be computed.  
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Figure 4.5 Metal box used to determine field compaction condition 
 
To adequately determine the initial conditions of the ballast layers in other test zones, 
laboratory compaction tests were conducted.  First, the same field-compacted weight of RR 
1 ballast material in the metal box was again compacted to fully fit in the box using a 
vibratory compactor in the laboratory.  The time it took the vibratory compactor to 
accomplish this task was recorded.  The same compactive effort was then applied by the 
same operator to compact other ballast materials in the box using the same vibratory 
compactor.  By analyzing the aggregate weights packed in the box, the porosities were 
computed for all the ballast materials to account for any discrepancies in the initial 
compaction field conditions. Although the above described approach worked well in general, 
the calculated porosities still could not be used directly as the input initial conditions for the 
ballast DEM model.  This is because in the DEM model all the particles created are solid 
particles without any fractures or permeable (external) voids.  However, many aggregate 
particles found among the four ballast materials used in the test zones were observed to have 
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fractures and porous surfaces on the outside.  Accordingly, all the calculated void ratios 
from the laboratory compaction tests had to be adjusted using the measured aggregate 
specific gravities to account for the porous surfaces.  Table 4.2 lists the porosities used as 
initial conditions input for the ballast DEM model.   
 
Table 4.2 Initial compaction conditions used in TTC FAST HTL section 3 curved track DEM 
simulations 
Ballast Material Source Porosities in DEM 
RR 1 37% 
RR 2 32% 
RR 3 37% 
RR 4 45% 
 
4.4 Full Scale Track DEM Simulations 
 
Four full-track DEM simulation models were established according to the track geometry 
data of the field ballast structures built and tested in Section 3 curved line at the TTC FAST 
track.  Each full-track DEM simulation had approximately 13,000 individual particles that 
established the 0.35 m thick ballast layer with around 0.1 m superelevation in the field side of 
the track structure.  The rail direction length was 0.61 m, which covered half tie spacing on 
each side.  The aggregate particles used in the DEM models were created according to the 
sieve analysis results as shown in Figure 4.4 and the imaging based shape indices of the 
ballast materials from different test zones as listed in Table 4.1. The crosstie modeled in the 
simulations was the same in dimensions as used in the field test, a typical tie size used in 
North America, 2.591 m (8 ft 6 in.) long, 0.203 m (8 in.) wide, and 0.178 m (7 in.) deep.  A 
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front view of the DEM model is given in Figure 4.6. The ballast layers in the DEM 
simulations were compacted to the same field test conditions for each section as determined 
in Table 4.2, with a 2:1 slope used for 0.25 m-wide shoulders on both sides.  The DEM 
modeling parameters used in these simulations are listed in Table 4.3.   
 
 
 
Figure 4.6 Front view of full-track DEM simulation 
 
Table 4.3 Modeling parameters used in the DEM simulations 
Description Value 
Inter-particle Friction Angle 31° 
Normal Contact Stiffness 20MN/m 
Shear Contact Stiffness 10MN/m 
Global Damping 0 
Contact Damping 0.4 
Ballast Material Density 2.65x103kg/m3 
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4.5 Loading pattern 
 
After the DEM simulations were prepared for the initial compaction conditions, a dynamic 
train loading pattern, modified from “Sandwich Model” by Huang et al. (2010), was applied 
to simulate the dynamic loading caused by the 143-tonne (315-kip) rail car with 4-axles 
traveling at a speed of 73 km/h (45 mph).  Figure 4.7 shows the 4-peak moving wheel pulse 
loading applied with a rest period which was considered as one load pass in the repeated train 
loading DEM simulations.  One pass considers two axles from the front car and two axles 
from the car behind together.  
 
Figure 4.7 Dynamic loading pattern for a 143-tonne car traveling at 73 km/h based on 
“Sandwich Model” by Huang et al. (2010) 
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4.6 Analyses of Test Results 
 
4.6.1 Field test and DEM simulation results 
Figure 4.8 shows the average total settlements accumulated with increased tonnage for each 
ballast section for up to 580,000 car passes (90 Million Gross Tons, MGT).  Note that the 
ballast material donated by RR 2, shown with the highest settlements in Figure 4.8, also had 
the most flat and elongated particles prone to particle breakage.  The ballast material 
donated by RR 3 is shown with the lowest settlement in Figure 4.8, which may be primarily 
attributed to the more rounded (low AI) nature of the RR 3 ballast material having the least 
tendency to crush particles.  The field test results agreed with earlier studies on the influence 
of aggregate shape properties on ballast performance (Tutumluer et al. 2007). Settlement 
plates installed on top of the subgrade were used to determine how much settlement was 
occurring in the foundation below the ballast layer and accordingly, the settlement within the 
ballast could be computed from the top of rail measurements.   
 
Figure 4.9 indicates that the major contribution of the track settlement was in fact from the 
ballast layer.  In this field test, the subgrade accounted for about 10% of the total settlement 
as presented in Figure 4.9. Additionally, the lateral stability performance of each test zone 
was assessed using a single tie push test. It measures the lateral force needed to move a 
crosstie through the ballast.  The average of two tests is reported for each test section.  The 
test results are summarized in Figure 4.10.  Test zone having the RR 2 donated ballast had 
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the largest lateral strength despite the largest settlement (see Figure 4.8).  The high lateral 
strength comes from the angular particles that can form aggregate structure with good 
interlocking (Tutumluer et al. 2006). 
 
Figure 4.8 Field measured test results of ballast settlement graphed with No. of passes 
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Figure 4.9 Field measured test results for ballast layer and subgrade settlements after 580,000 
passes 
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Figure 4.10 Lateral strength results from field single tie push tests 
 
Note that due to the significantly large amount of aggregate particle contact forces computed 
and checked for global granular assembly equilibrium at each iterative time step, the 
full-track DEM model could not simulate the same amount of loadings as the field tests did 
with limited time and computational resources available.  Although the field tests applied 
over 580,000 car passes (90 MGTs), the DEM simulations could only be finished for up to 
2,000 car passes.   
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Table 4.4 Field and DEM settlement prediction results 
 
DEM Settlement Prediction 
Models (N = No. of Passes) 
Settlement after 580,000 Passes (mm) 
DEM Predicted  Field Measured  
RR 1 0.29 20.74 0.93 37%S N R n    34.64 29.72 
RR 2 0.32 20.64 0.91 32%S N R n    44.60 38.10 
RR 3 0.30 20.62 0.92 37%S N R n    33.14 27.18 
RR 4 0.29 20.84 0.88 45%S N R n    39.32 29.97 
 
 
 
Figure 4.11 DEM ballast settlement predictions for up to 2,000 car passes 
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Figure 4.11 shows the ballast DEM model settlements predicted in each test zone with the 
number of car passes.  The DEM simulations predicted the track with the RR 3 ballast 
material to have the lowest settlement, which is in agreement with the field observed trends.  
This can be primarily attributed to the more rounded (low AI) nature of the RR 3 ballast 
material having the least tendency to crush particles.  A similar, more compact ballast layer 
packing by rounded particles was also observed to yield low settlements in an earlier 
modeling effort by Tutumluer et al. (2007).  The DEM simulations predicted the track with 
the RR 2 ballast material to have the highest settlement, which is also in agreement with the 
field observed trends.  RR 2 ballast material has more angular particles (high AI) and high 
F&E ratio, thus making RR 2 ballast to have a high tendency to crush.  This result also 
agrees with earlier research findings by Tutumluer et al. (2007). Note that the ballast DEM 
model developed at the University of Illinois so far cannot accommodate particle breakage in 
simulations and hence could not predict the much higher settlements in the early stage, 
observed for the RR 2 ballast which had more flat and elongated particles. Utilizing the 
predicted settlement data for only up to 2,000 car passes, DEM settlement prediction models 
were developed based on regression analyses to extrapolate the settlement trends and predict 
the long-term performance of the ballast test zones.  Table 4.4 lists the developed settlement 
prediction models and the DEM predicted long-term ballast settlements, which in general 
compare favorably to the field measurements up to 90 MGTs. 
 
4.7 Initial runs 
 
Figure 4.12 compares the DEM predicted settlements with the field measurements in two 
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locations for only up to the first 1,000 car passes.  The predicted settlements increase always 
gradually in the DEM simulations due to the better control of compaction and loading when 
compared to the field measurements, which show sudden increases and often heaves due to 
unstable field shakedown conditions.  Note that the field measurements are sometimes in 
agreement with the DEM predictions, e.g., results of RR1 and RR3, but also, the field 
measurements can be quite surprising when compared to the DEM predictions in other cases, 
such as results of RR2 and RR4.  For example, results of RR4 indicate heave measured in 
both rail locations; this is somewhat unexpected even on a 5-degree curved track.  In 
addition to the difficulties in maintaining uniform compaction/construction for ensuring 
proper test zone track geometries, the existing super-elevation of the curved track would 
definitely influence the settlement characteristics on both sides of the track due to uneven 
loading and lateral forces applied in the rails.  Meanwhile, in the DEM simulations, the 
loading was applied evenly onto the two rail seats and there was no lateral force applied to 
track substructure, which eliminated some random factors and yielded gradual settlement 
accumulations predicted in the ballast. 
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Figure 4.12 Detailed ballast settlement results for the initial 1,000 car passes 
 
4.8 Summary 
 
To validate the ballast DEM model, BLOKS3D, with the field settlement data, four ballast 
materials donated by Association of American Railroads (AAR) member railroads were used 
to construct ballast test zones at the Facility for Accelerated Service Testing (FAST) High 
Tonnage Loop (HTL) at TTC in Pueblo, Colorado.  The four ballast materials had different 
imaging quantified aggregate shape indices and accordingly, accumulated different 
settlements in the field testing. Based on the limited field test results, it is suggested that 
relatively less angular aggregates can pack better in the field and yield less settlement while 
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more flat and elongated aggregates tend to break and yield higher settlement. Further, the 
superelevation in the curved track caused uneven measured settlements of the two rails and 
made it hard to predict ballast settlement behavior in the initial loading stages. The ballast 
DEM model generated the corresponding ballast particles as discrete elements based on the 
four different ballast materials with varying aggregate shape, texture and angularity 
properties and performed numerical simulations of the full-scale curved track test zones 
under realistic heavy axle train loadings.  By accounting for the initial compaction 
conditions, the ballast DEM simulations closely predicted the lowest settlement performance 
of one of the ballast materials with 2,000 car passes investigated.  The test section with more 
flat and elongated particles had the most particle breakage and degradation which contributed 
to the highest field settlements.  The ballast DEM model currently does not consider particle 
breakage. Results from the dynamic, repeated train loading simulations indicate that the 
ballast DEM model could predict magnitudes of the field ballast settlements over 580,000 car 
passes (90 MGTs) reasonably accurately.  The ballast settlement predictions were sensitive 
to both aggregate shape and gradation.  In addition, ballast initial compaction condition 
(density, porosity or void ratio) played a very important role in ballast performance 
predictions and it is a key input for DEM simulations.  The ballast DEM model has been 
successfully validated using the field settlement data for predicting ballast deformation 
behavior under realistic train loading.  The ballast DEM model has the potential use as a 
tool for engineering ballasted track designs and addressing critical substructure concerns such 
as those related to variable track stiffness and track transition zones. 
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CHAPTER 5 
 
5. FIELD APPLICATION OF THE DEM MODELING 
APPROACH IN TRACK TRANSITION ZONE DESIGN 
 
 
The ballast DEM model was validated through full scale track simulation and field ballast 
settlement data collected from the Facility for Accelerated Service Testing (FAST) for Heavy 
Axle Load (HAL) applications at Transportation Technology Center (TTC) in Pueblo, 
Colorado. The ballast settlement predictions were found to be sensitive to both aggregate 
shape and gradation. For ballast materials that met gradation and crushing requirements, 
aggregates with the lowest angularities resulted in the least settlement potential, as described 
in Chapter 4. The ballast DEM model was then applied in the development of an innovative 
approach for designing a bridge approach settlement ramp and mitigating differential 
settlement in engineered ballast zones.  
 
Thirteen ballast materials were processed to collect grain size distributions and particle shape 
properties. Four ballast materials were selected to build a settlement ramp based on the 
ballast particle angularity and flat and elongated ratio shape indices obtained from image 
analyses. The field study key findings described in Chapter 4, i.e., how different ballast 
materials with varying shape properties were linked to field settlement trends, were primarily 
used in this selection process. Full scale track DEM simulations were then performed with 
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these four materials placed in the engineered ballast zones. Finally, field testing was 
conducted to collect the performance of the bridge approach settlement ramp, and compared 
with the DEM simulation results to validate the design concept.   
 
5.1 Track Transition Zone Design  
 
5.1.1 Settlement Ramp Concept 
The ballast settlement trends predicted by the DEM simulations clearly showed that more 
“cubical” particles with higher angularity index (AI) yielded higher settlement when 
compared to more “rounded” particles having lower angularity index (AI) values in the full 
scale track simulations presented in Chapter 4. Based on the key findings between the particle 
shape properties in micro-scale and the field ballast settlement trends described in Chapter 4, 
a ballast “settlement ramp” concept was proposed to mitigate the effects of the bridge 
approach differential settlement, i.e., bump at the end of the bridge. The settlement ramp was 
proposed to be constructed with different properly selected ballast materials to have gradually 
changing ballast settlement amounts so that the overall differential settlement at the bridge 
approach would be reduced.  
 
By ramping settlement, the differential settlement or gap would gradually increase in exiting 
the bridge deck or reduce when entering the bridge to allow required maintenance and 
improve safety and ride quality. However, the proposed settlement ramp design needed to 
consider the following field limitations: (1) field test sections would be constructed with 
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currently available ballast materials (no custom gradations or particles), (2) field test sections 
could not be beyond 24 m (80 feet) in total. With the field limitations, a bridge approach 
prototype was developed to use four 6-m (20-ft.) long ballast sections or zones. The Ballast 
Zone IV (BZ IV) starting 24 m (80 ft.) away from the bridge was intended to have the highest 
settlement rate. Moving toward the bridge, each subsequent zone was intended to have lower 
settlement rates. Additionally, the ballast on the bridge was selected to match the settlement 
rate of the ballast closest to the bridge. Figure 5.1 presents the transition zone settlement 
ramp design concept. 
 
  
(a) Before Loading 
 
Figure 5.1 (cont. on next page) 
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(b) After Loading 
 
Figure 5.1 Track transition zone settlement ramp design concept 
 
 
5.1.2 Ballast Material Properties and Image Analysis 
Thirteen ballast materials donated by a major Class 1 railway company from different 
suppliers in North America were received in the laboratory. All the 13 ballast materials were 
processed to collect necessary modeling information such as grain size distribution and shape 
properties. The sieve analysis and image analysis results are summarized and presented in 
Figure 5.2 and Table 5.1, respectively. Also listed in Table 5.1 are the coefficient of 
uniformity (Cu) and the coefficient of curvature (Cc) of the thirteen ballast materials.  
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Figure 5.2 Grain size distributions of ballast materials studied 
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Table 5.1 Properties and UIAIA based shape indices of ballast materials studied 
Ballast Type 
Angularity  
Index 
Flat & Elongation 
Ratio 
Surface Texture 
Index 
Cu
 Cc 
Material 1 468 2.4 2.7 1.58 1.01 
Material 2 537 2.0 1.4 1.71 1.03 
Material 3 433 1.8 1.1 1.59 1.01 
Material 4 411 2.0 1.0 1.85 0.96 
Material 5 378 1.9 1.1 1.72 1.03 
Material 6 414 1.8 1.8 1.59 1.02 
Material 7 426 2.0 1.6 2.38 1.04 
Material 8 488 2.0 1.1 1.65 1.01 
Material 9 387 1.9 0.9 1.70 1.08 
 Material 10 440 2.3 2.0 1.46 0.97 
 Material 11 601 2.0 3.1 1.44 1.09 
 Material 12 411 2.0 0.9 1.79 1.02 
 Material 13 590 3.5 2.5 2.25 1.14 
 
5.1.3 Selected Ballast Materials for Settlement Ramp 
Based on the grain size distributions and imaging based particle shape indices, and 
considering the field study results discussed in Chapter 4, materials 5, 7, 11 and 13 were 
selected to construct the four ballast zones, BZ I, BZ II, BZ III, and BZ IV, respectively (see 
Figure 5.1). Table 5.2 also lists each selected ballast material and presents its suggested 
construction zone in the settlement ramp. Material 5 was selected for the BZ I zone since it 
had the lowest angularity index (more rounded) and therefore, the expected least amount of 
settlement from the DEM simulation results of all the four ballast sections. Materials 11 and 
13 were selected for relatively higher settlement potentials because both materials had high 
angularity index values. Although the angularity index values of materials 11 and 13 were 
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similar, material 13 had particles with much higher flat and elongated ratios than material 11. 
Material 13 was the same material as “RR 2” used in the field validation study described in 
Chapter 4. Note that particles with higher flat and elongated ratios were more likely to break 
in track as shown in the field validation study described in Chapter 4, thus material 13 was 
selected for BZ IV for the highest settlement potential and material 11 was selected for BZ III 
for the second highest settlement potential. Material 7 was estimated to yield settlement 
amounts less than material 11 but more than material 5. Accordingly, material 13 was also 
decided to be the baseline ballast. It was assumed that BZ IV was used on the line segment 
for which the bridge approach was designed. Thus, the same ballast was also used on the 
ballasted bridge deck.  
 
Table 5.2 Ballast materials selected for construction in the ballast settlement ramp 
Ballast Zone Ballast Type              Remarks*   
      BZ I Material 5 Lowest AI (378 degrees) 
      BZ II Material 7 Highest Cu (2.38) 
      BZ III  Material 11 Highest AI (601) 
      BZ IV  Material 13 Highest F&E (3.5), high Cu (2.25) 
* AI: Angularity Index; F&E: Flat and Elongated ratio; Cu: Coefficient of uniformity  
 
 
5.2 DEM Simulations 
 
Using the University of Illinois Aggregate Image Analyzer (UIAIA) imaging based shape 
indices listed in Table 5.1 and grain size distributions given in Figure 5.2, the BLOKS3D 
DEM simulation platform developed at University of Illinois was used to conduct numerical 
simulations of ballast settlement behavior using the actual field geometry and train loading 
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characteristics of the TTC FAST conditions. Figure 5.3 shows a full scale track DEM 
simulation model, which contains about 13,000 particles under one tie supported by half the 
tie spacing on either side of the loaded tie. The thickness of ballast layer is about 0.305 m (12 
in.) and the tie spacing is 0.61 m (24 in.). Boundaries are set perpendicular to the longitudinal 
direction of track and at the bottom of ballast layer. There is no boundary to restrain particle 
movement in the lateral direction of the track. Discrete elements representing ballast particles 
in simulations are not allowed to cross the boundaries while the contacts between the 
boundaries and particles are established the same as contacts between different particles. The 
load pulse applied in the simulation was modified based on a dynamic track model (Huang et 
al. 2010) to simulate 39-ton axle loading at a speed of 64 km/h (40 mph). The initial ballast 
densities used in the DEM simulations were calculated based on laboratory compaction 
testing using a metal box. Materials 5, 7, and 11 were compacted using a roller compactor in 
the same metal box used in a previous study, which had established the initial density of field 
compacted material 13 as described in Chapter 4. Accordingly, the initial densities of the 
ballast materials estimated for use in the DEM simulations are listed in Table 5.3. Further, 
Table 5.4 lists the modeling parameters used in the DEM simulations. 
 
 
 
Figure 5.3 Full scale track DEM simulation model 
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Table 5.3 Initial density of each ballast material used in the DEM simulations 
Ballast Zone Ballast Type           Porosities   
       BZ I Material 5         32% 
       BZ II Material 7         33% 
       BZ III  Material 11         38% 
       BZ IV  Material 13         32% 
 
Table 5.4 DEM model parameters used in the DEM simulations 
Description Value 
Inter-particle Friction Angle 31° 
Normal Contact Stiffness 20MN/m 
Shear Contact Stiffness 10MN/m 
Global Damping 0 
Contact Damping 0.4 
 
 
Due to high computational resources required for the DEM model simulations, the number of 
dynamic load pulses from individual freight cars to be applied cannot be as high as in the 
actual field loading conditions, e.g., hundreds of thousands of car passes corresponding to 
tens of thousands of MGTs. Previous field validation showed that the long term field 
performance could be estimated from relatively few simulation traffic passes with reasonable 
accuracy. Accordingly, Figure 5.4 presents the computed settlement values from the DEM 
simulations undertaken for up to 1,000 car passes. By adequately addressing the ballast grain 
size distributions, imaging based particle shape characteristics as well as initial ballast 
conditions, the DEM simulations computed the settlement trends of the four ballast zones as 
shown in Figure 5.4. The predicted amounts of ballast settlement of different ballast zones 
followed the order of BZ III, BZ IV, BZ II, and BZ I from high to low. This is due to all the 
particles in simulation were considered as rigid and non-breakable elements. However, 
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previous field testing did notice material 13 yielded higher settlement in the field than the 
value predicted by DEM simulation. Thus, the DEM simulation results confirmed the 
materials selection for construction of each section in the field testing.  
 
Note that all the ballast materials evaluated in this study were crushed aggregates. Ballast 
materials should be crushed to have certain angularity to ensure shear strength and stability of 
the track. However, if the angularity of particles gets too high, good packing with the least 
amount of voids in the assembly may be hard to achieve until adequate particle shakedown is 
accomplished in practice with slow trains. Having crushed and cubical particles and 
providing good stabilization/compaction in the field, ballast can have both low settlement 
potential and high angularity to ensure strength and track stability. 
 
5.2.1 Bridge Approach Field Testing Conditions 
With the four selected ballast materials, the proposed settlement ramp consisting of the four 
ballast zones (BZ I, BZ II, BZ II, and BZ IV) was built on a 5-degree curve at the Facility for 
Accelerated Service Testing (FAST) High Tonnage Loop at Transportation Technology 
Center (TTC) in Pueblo, Colorado. The total length of the settlement ramp was 24 m (80 feet) 
and each zone was 6 m (20 feet). Figure 5.5 shows photos of the field construction site. The 
field testing was conducted by a remote controlled train which had 90-110 cars with 39-ton 
axle load operating at 64 km/h (40 mph). Note that in the initial loading stages, a 10-car-train 
was used to monitor the performance. In the end, a total traffic of 100 MGTs accumulated in 
the test track. 
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Figure 5.4 DEM simulation computed ballast settlement values  
 
 
 
Figure 5.5 Construction photos of the TTC FAST bridge site  
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5.2.2 Field Testing Results 
Figure 5.6 shows the average ballast settlement of each ballast zone or test section obtained 
from a settlement plate installed in that test section. The settlement plates were installed at the 
interface between subgrade and ballast in each ballast zone. A telltale bar extended over 
ballast was connected to the plate to indicate the settlement of subgrade. The ballast 
settlement in each zone could then be calculated based on the survey data of the subgrade 
settlement subtracted from the total top of rail settlement. The same general pattern of 
settlement is observed from each test section. There was a high initial settlement, ranging 
from 20-50 mm, depending on the ballast materials for the initial stage of loading for up to 
about 6 MGTs. Then, certain amount of track rebound happened when ballast shifted, i.e., 
particle flow and particle breakage, under dynamic train load. Also loss of super-elevation 
was observed which caused the low rail to rise. There was a broken rail detected in BZ III 
when the loadings were accumulated to 15 MGTs. The repair of the broken rail and 
resurfacing of the track after the repair may have also contributed to the rebound as indicated 
in Figure 5.6. 
 
The initial high settlements shown in Figure 5.6 were most likely caused by an initial 
“shakedown” of the newly constructed ballast test sections. Later on, settlement in each 
section further increased at a relatively steady rate between 15 and 36 MGTs. After 36 MGTs, 
the test track was surfaced again, which caused settlements to accumulate at a noticeable 
higher rate than before. The next settlement measurement was taken at 64 MGTs, when the 
plate measurements showed the settlements were controlled by a decreasing rate and the track 
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reached a consolidated steady state.  
 
The DEM model predicted settlement trends generally matched the field test section 
performances. The field settlement trends followed the following order: Bridge < BZ I < BZ 
II < BZ III. The largest discrepancy was for the BZ IV section, which was designed to have 
the highest settlement based on the DEM simulations. However, during the field validations, 
the BZ IV section original ballast material had settlement amounts higher than the BZ I 
section ballast but lower than the BZ II section one. It was noticed that the supplier of the BZ 
IV section ballast material had changed crusher type in the plant and therefore, the ballast 
sample that was collected and tested in the laboratory was in fact different for the shape 
properties than the ballast material actually constructed in the bridge approach test zone. This 
is the reason the measured settlement of the BZ IV section was denoted as “BZ IV: Material 
X” in Figure 5.6. It was very likely the ballast material (Material X) used for construction 
section BZ IV actually had fewer flat and elongated particles than the sample used to make 
predictions based on the laboratory imaging tests. Accordingly, except for the BZ IV test 
section farthest from the bridge abutment, the settlement ramp design was successfully 
accomplished. 
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Figure 5.6 Average track settlements graphed with traffic for each ballast test section 
 
 
Note that the same material used in section BZ IV was also used on the ballasted bridge deck. 
Any difference in settlements between the bridge deck and the BZ IV sections is therefore 
linked to the effects of the rigid bridge foundation on the ballast permanent deformation. The 
lack of subgrade and lateral confinement of the ballast in the bridge deck ballast pan caused a 
reduction in the settlement rate. On the other hand, the difference in settlements of the bridge 
deck and the BZ I section is in fact the differential settlement that can be observed at the end 
of the ballast deck bridge. Clearly, selecting the appropriate ballast material to construct in 
different test zones of settlement ramp for anticipated performance trends, in this case BZ I, 
BZ II, and BZ III sections, could help to effectively reduce differential settlement 
immediately near the bridge abutment to a certain degree.  
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Further, the track stiffness of each test section was also measured during the field 
performance testing. It was expected that track stiffness would increase from the approach 
towards the bridge; indeed, the field test sections did behave in this manner before trafficking. 
Figure 5.7 shows as bar charts for comparison the track stiffness values measured at the 
center of each test section. The measurements after 12 MGTs showed a decline in track 
stiffness from the initial values, which may be related to the broken rail replacement. 
However, the average track stiffness after 12 MGTs in general increased as the accumulation 
of tonnage increased. 
 
 
Figure 5.7 Track stiffness values measured with traffic for each ballast test section 
 
Lateral track stiffness represents the ability of a ballast section to hold track alignment. Single 
tie push tests were performed to assess the lateral track stiffness right after construction with 
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no traffic loading and after 112 MGTs. Figure 5.8 presents the single tie push test results in 
each ballast section. Lateral track stiffness of the ballast on bridge deck was not measured 
due to logistical issues. As intended, the ballast section closer to the bridge had higher lateral 
stiffness. With accumulation of tonnage, ballast materials consolidated and this led to the 
increase in lateral stiffness. Three sections, BZ I, BZ II, and BZ III, increased by about 30 
percent in lateral stiffness, while, BZ IV increased by 350 percent.  
 
Figure 5.8 Single tie push test results for each ballast test section 
 
 
5.3 Summary 
 
Based on the field test results and the DEM simulation predictions presented in the current 
and previous chapters, ballast strength and deformation behavior not only depends on grain 
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size distribution but also depends on particle shape properties. Ballast materials having 
similar grain size distributions, for example, satisfying certain AREMA gradations, can have 
significantly different field performance characteristics, e.g., particle packing, settlement and 
stiffness, if their particles have different shape properties. Such shape properties, e.g., flatness, 
elongation, angularity, have been successfully quantified through image analysis based 
indices to create similar shaped individual 3-dimensional particles for conducting realistic 
simulations of ballast behavior based on the Discrete Element Method (DEM). The DEM 
simulation platform helped propose an innovative approach to mitigate ballast differential 
settlement by selecting appropriate ballast materials according to their grain size and shape 
characteristics, and placing them at different distances from a bridge abutment to build a 
settlement ramp in track transition zones. A full scale ballasted track numerical model, 
developed based on the DEM, was used to simulate settlement behavior of different ballast 
materials used in each section of the designed settlement ramp. According to the results of the 
DEM modeling study, field construction and testing was undertaken at the Facility for 
Accelerated Service Testing (FAST) High Tonnage Loop at Transportation Technology 
Center (TTC) in Pueblo, Colorado. Field testing results validated the design concept and the 
DEM simulation findings. In conclusion, a settlement ramp constructed with four different 
ballast materials was found effectively reduce/mitigate differential settlement and provide a 
more uniform transition from open track to track on a structure, such as a bridge.  
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CHAPTER 6 
 
6. LABORATORY STUDY OF BALLAST FOULING BY 
PARTICLE DEGRADATION 
 
To improve our understanding of ballast performance associated with its usage and life cycle 
degradation due to particle abrasion and breakage, both ballast particle size and shape 
properties at different fouling conditions, which typically change according to the service 
tonnage of the track in the field, need to be systemically evaluated. This Chapter describes a 
series of Los Angeles (LA) abrasion tests performed to continuously degrade commonly used 
ballast materials to investigate linkages between ballast fouling and degradation trends 
quantified by imaging based changes in particle size and shape properties.   
 
6.1 Generating fouled ballast materials in the laboratory 
 
The ballast materials studied in the laboratory were 100% crushed limestone and granite 
aggregate, which adequately met AREMA No. 24 gradation requirements as depicted in 
Figure 6.1. The test procedure involved placing 10 kilograms of new ballast material in the 
LA abrasion drum together with 12 steel balls (see Figure 6.2). The drum was set to rotate on 
the average at 50 turns per minute and for each run the drum rotated 125 times for limestone 
and 250 times for granite specimens to evaluate degradation trends step by step in a 
controlled laboratory study. After finishing each test, the drum was allowed to stand still for 
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about 10 minutes to let dust settle down before the tested material was poured out. In order to 
minimize loss of fine materials, both inside the drum and steel balls were carefully hand 
brushed after each test. All particles above 25.4 mm or 1.0 in. sieve were also brushed to 
collect dust and fine material before sieving. The rest of the materials (passing 25.4 mm or 
1.0 in. sieve) were carefully sieved using a DuraShake™ type rotation aggregate sifter so that 
loss of fine materials was minimized. Materials passing each sieve size were then collected 
and placed on a blue tarp placed on the floor to take high resolution photographs. In addition, 
aggregate particles larger than 9.5 mm or passing 3/8-in. sieve size were hand collected to 
conduct image analysis. This step was essentially conducted to determine imaging based 
quantifications of particle size and shape indices after each test before mixing all materials 
together for the next LA abrasion run. The outlined procedure was repeated until the 
specimen reached FI of 40, which corresponded to a heavily fouled ballast condition certainly 
requiring maintenance activities in the track. Note that the same specimen was always used in 
LA abrasion testing, which required several individual runs at 125/250-turn intervals each of 
the LA drum. In order for granite to reach exactly the FI of 40, an additional 125 turns of the 
drum was also needed to complete the test at 2,125 drum turns.  
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Figure 6.1 Gradation properties of ballast material used in LA abrasion test 
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(a) Los Angeles Abrasion Test Device (b) Ballast and Steel Balls before Test 
  
(c) Ballast and Steel Balls after Test (d) Brush Large Particles before Sieving 
 
Figure 6.2 Photos showing Los Angeles (LA) abrasion test equipment and specimen 
 
6.2 Key observations from LA abrasion test 
 
Figure 6.3 and Figure 6.4 show the limestone and granite specimen gradation curves obtained 
from the sieve analysis test results after the total 1,500 and 2,125 turns of LA abrasion drum, 
respectively. Figure 6.3 and Figure 6.4 also present the FI values calculated for each 
gradation curve. With the number of turns increasing in the LA Abrasion test, ballast 
specimen changed gradually from “uniformly” graded to more “well” graded type of a 
material. This is also indicated by the rapidly increasing FI values corresponding to the first 
few LA abrasion runs followed by a slower rate for each additional 125/250 turns (see Figure 
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6.3 and Figure 6.4). No doubt, clean ballast material was more susceptible to abrading sharp 
corners and edges of the crushed particles. Interestingly, breakage of the large sized particles 
mostly happened in the early stages of the experiment as well. With the number of turns 
increasing in LA Abrasion tests, those particles that did not break due to the impact loads 
eventually became much more rounded due to chipping off sharp corners and smoother 
textures due to abrasion of surfaces and edges. The overall trends for gradation changes 
generally agreed with the previous research on field ballast degradation trends (Selig and 
Waters 1994). 
 
 
 
Figure 6.3 Gradation change of limestone ballast during LA abrasion test 
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Figure 6.4 Gradation change of granite ballast during LA abrasion test 
 
The overall particle size degradation trends and the changes in proportion to the original 
particle sizes are visualized in Figure 6.5 for limestone up to 1,500 LA abrasion drum turns 
and in Figure 6.6 for granite up to 2,125 LA abrasion drum turns. Take granite for example, 
for the first 250 turns, the specimen rapidly degraded from the original clean ballast, with the 
particle size distribution captured by only 5 sieve sizes, to a fouled ballast condition FI value 
of 7 and with gradation represented by many more sieve sizes. The initial abrasion and 
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breakage of the large particles created immediately both smaller particles as well as fine 
materials, i.e., particles less than 9.5 mm or passing 3/8-in. sieve size, as shown in Figure 6.6. 
For example, in the case of the original clean ballast specimen, there were 7 particles retained 
on the 50-mm sieve and 37 particles retained on the 37.5-mm sieve, respectively. After the 
2,125 LA abrasion drum turns, these particle counts decreased to 2 and 25 for particles 
retained on the 50 mm and 37.5 mm sieves, respectively. This means several of these 
particles were broken into smaller sizes. It is also interesting to note that for some sieve sizes, 
e.g., 12.5 mm, the number of particles generated throughout the experiment increased first 
and decreased later. In this case, additional particles were created first when the larger sizes 
were broken down and then, these 12.5-mm sized particles were broken into smaller sizes 
later on when the number of drum turns further increased.  
 
As discussed earlier, at the later stages of the experiment, FI increased with a decreasing rate, 
which implied particles became not only smaller but also smoother and more rounded thus 
becoming more resistant to abrasion and breakage. For example, Figure 6.6 provides visual 
evidence about how those particles retained on the 37.5-mm sieve indeed became smoother 
and rounded after 500 turns and did not break or change much the particle number count 
since no new particles were created from breaking the particles retained on the 50-mm sieve 
(see Figure 6.6). More detailed analyses of the degradation trends including particle shape 
indices quantified from the image analysis approach will further confirm such changes in 
shape properties to be discussed later in this dissertation.  
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Figure 6.5 Photos of limestone ballast particle size degradation trends with LA abrasion drum 
turns 
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Figure 6.6 Photos of granite ballast particle size degradation trends with LA abrasion drum 
turns 
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Gradation curves and visualizations of individual particle sizes at different LA abrasion turns 
indeed provide valuable information for the ballast aggregate compositions at different 
fouling levels. However, it is not obvious how to relate these degradation trends to ballast 
layer functional characteristics and governing mechanisms that would impact field ballast 
layer structural and drainage behavior. A better basic understanding could be gained by 
visualizing how material would pack, how much void space would be left and further, 
whether or not there would be individually contacting larger particles, i.e., a load carrying 
aggregate skeleton, left in ballast layer associated with different levels of fouling.  
 
To investigate particle contact and particle packing characteristics, the test specimen collected 
after each 125/250 turns of LA abrasion run was poured into an acrylic chamber having 
dimensions 25.4 cm (10.0 in.) in diameter and 25.4 cm (10.0 in.) in height. Figure 6.7 and 
Figure 6.8 present the side and top views of aggregate packing photos taken at the different 
number of LA abrasion drum turns with the corresponding FI values. Due to the continuous 
abrasion and breakage of particles throughout the test, the total height of test specimen 
decreased substantially after 1,500/2,125 drum turns with not much void space left among 
particles; one can easily visualize this phenomenon in Figure 6.7 and Figure 6.8. The fine 
materials accumulate from the bottom to fill all the voids created by now fewer large particles 
all the way to the top when FI values of 40 are finally reached. This is in very good 
agreement with what was suggested by Selig and Waters (1994) as the limit of fouled ballast, 
which indicates such heavily fouled ballast (FI=40) should no longer be used in the field. 
Figure 6.7 also presents the aggregate packing with (w/) and without (w/o) fine materials. 
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Figure 6.7 Side and top views of Plexiglas cylinder indicating particle packing of limestone 
ballast 
 
 
Figure 6.8 Side and top views of Plexiglas cylinder indicating particle packing of granite 
ballast 
 
6.3 Image analyses of fouled ballast materials from LA abrasion tests 
 
Table 6.1 and Table 6.2 list after different number of turns the average values of the imaging 
based F&E ratio, AI, and the ST index determined for particles retained on different sieve 
sizes above 9.5 mm or 3/8 in. for the limestone and granite, respectively. Two clear and 
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interesting trends can be observed: (i) for a certain particle size, the shape properties, AI and 
ST index, commonly decrease as the number of drum turns increases (see individual rows 
from left to right in Table 6.1 and Table 6.2). This trend from the quantitative imaging based 
indices confirms that the same particles tend to be smoother and more rounded after LA 
abrasion testing; and (ii) for a certain number of drum turns, the AI and ST index generally 
increase as particle size decreases (see individual columns from top to bottom in Table 6.1 
and Table 6.2). That is, smaller particles created from the breakage of larger particles initially 
have more crushed faces and thus they are more angular and rougher textured when 
compared to the larger particles that often experience abrasion only. Also note in Table 6.1 
and Table 6.2 that the total number of particles above 9.5 mm (3/8 in.) initially increased 
from 146 to 308 and 135 to 302 rapidly and then decreased to 231 and 235 as FI values 
increased all the way up to 40 for the limestone and granite, respectively. These quantified 
particle counts and imaging based shape indices clearly capture the primary degradation trend 
observed; the large particles were more likely to break in the beginning and as such, smaller 
particles created quickly tended to become more resistant to abrasion and breakage later on. 
Very interestingly, a recent field imaging study focused on collecting and analyzing aggregate 
samples from various ballast depths in a mainline freight railroad track could also 
successfully detect the gradual decrease in the aggregate size with ballast depth associated 
with higher rate of degradation and particle breakdown on top of the ballast layer and the 
increased AI and ST index values measured at greater depths (Moaveni et al. 2014). 
 
Figure 6.9 through Figure 6.14 present for all the particles scanned by the Enhanced 
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University of Illinois Aggregate Image Analyzer (E-UIAIA) the distributions of the shape 
indices, AI, ST index, and F&E ratio. Each value of an imaging based shape index was 
determined from scanning a particle after every 125/250 turn of the LA abrasion equipment 
and sorted according to its magnitude for plotting with the cumulative number of aggregate 
particle passing as a percentile value. Similar to the grain size distribution concept, Figure 6.9 
through Figure 6.14 present the overall degradation trends of a certain aggregate shape 
property in time with the increasing number of LA abrasion drum turns for the limestone and 
granite ballast materials.  
 
Figure 6.9 shows AI distributions for the limestone ballast material. Each data point 
represents the AI value for a particle with each curve corresponding to the AI distribution of 
all the particles after a certain number of drum turns. The gap between any two curves 
implies how much the AI changed in between different number of turns. Clearly, the AI 
decreases at a slower rate when moving away from the original curve (0 turn). Accordingly, 
the distribution curves tend to get closer to each other as they shift towards left, representing 
a higher number of drum turns.  
 
Similarly, Figure 6.10 shows ST index distributions for the limestone ballast material and 
similar patterns are also observed as in the case of AI presented in Figure 6.9. Further, Figure 
6.11 presents the F&E ratio distributions for limestone in the same manner. Different from the 
AI and ST index trends, the F&E ratio distributions change from the initial wider range to 
much narrower range values. This means that particles generally tend to converge to a certain 
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shape, and often become more cubical, when some of the originally flat and elongated 
particles are degraded due to abrasion and breakage. Figure 6.12 to Figure 6.14 show the 
imaging based shape properties of the granite ballast material. Similar degradation trends are 
observed for granite when compared to those of the limestone material presented in Figure 
6.9 to Figure 6.11. 
 
 
Figure 6.9 Angularity index change of limestone ballast during LA abrasion test 
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Figure 6.10 Surface texture index change of limestone ballast during LA abrasion test 
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Figure 6.11 Flat & elongated ratio change of limestone ballast during LA abrasion test 
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Figure 6.12 Angularity index change of granite ballast during LA abrasion test 
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Figure 6.13 Surface texture index change of granite ballast during LA abrasion test 
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Figure 6.14 Flat & elongated ratio change of granite ballast during LA abrasion test 
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Table 6.1 E-UIAIA based shape indices of the limestone specimen tested 
    No. of turns 
Opening  
Size (mm) 
0 125 250 375 500 625 750 875 1000 1125 1250 1375 1500 
50 
AI 
 
359 281 -- -- -- -- -- -- -- -- -- -- -- 
37.5 400 285 267 289 212 211 211 210 210 227 201 212 182 
25.0 436 331 300 290 271 267 267 257 239 242 228 225 228 
19.0 443 336 333 310 306 293 295 291 284 287 284 284 274 
12.5 526 385 383 366 345 345 335 335 331 343 332 329 329 
9.5 -- 409 380 387 379 372 371 373 371 378 378 369 378 
average 433 338 332 328 304 298 296 292 287 295 284 284 278 
 
50 
F&E 
ratio 
1.5 1.4 -- -- -- -- -- -- -- -- -- -- -- 
37.5 2.2 1.9 1.9 1.8 1.9 1.9 1.9 1.9 1.8 1.9 1.8 1.8 1.8 
25.0 2.4 2.1 2.1 2.0 2.0 1.9 1.9 1.9 1.9 1.9 1.8 1.8 1.8 
19.0 2.7 2.1 2.1 2.2 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.0 
12.5 2.3 2.2 2.1 2.1 2.0 1.9 1.9 1.9 1.8 1.9 1.8 1.9 1.9 
9.5 -- 2.3 2.3 2.2 2.2 2.1 2.1 2.1 2.1 2.1 2.0 2.1 1.9 
average 2.2 2.0 2.0 2.0 2.0 2.0 2.0 2.0 1.9 2.0 1.9 1.9 1.9 
 
50 
ST 
index 
 
1.3 1.0 -- -- -- -- -- -- -- -- -- -- -- 
37.5 1.8 0.9 0.9 1.3 0.8 0.9 0.8 0.9 0.8 0.9 0.8 0.8 0.8 
25.0 2.1 1.4 1.3 1.3 1.2 1.1 1.2 1.1 0.9 1.0 1.0 0.9 0.9 
19.0 2.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3 1.4 1.2 1.2 1.3 
12.5 3.1 2.0 2.0 1.9 1.7 1.7 1.7 1.6 1.6 1.7 1.6 1.6 1.6 
9.5 -- 2.4 2.1 2.1 1.9 2.1 2.1 2.0 1.9 2.1 1.9 1.9 2.0 
average 2.1 1.5 1.6 1.6 1.4 1.4 1.5 1.4 1.3 1.4 1.3 1.3 1.3 
 
Total number of 
particles 
146 263 290 290 296 298 308 287 278 263 256 249 231 
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Table 6.2 E-UIAIA based shape indices of the granite specimen tested 
    No. of turns 
Opening  
Size (mm) 
0 250 500 750 1000 1250 1500 1750 2000 2125 
50 
AI 
 
388 326 301 280 222 245 213 199 214 224 
37.5 377 295 299 272 258 243 230 226 208 211 
25.0 384 337 310 292 274 262 254 253 248 241 
19.0 416 337 312 310 292 281 274 274 274 267 
12.5 441 367 354 346 338 321 322 312 309 312 
9.5 -- 383 378 356 363 351 350 370 364 369 
average 401 341 326 309 291 284 274 274 269 271 
 
50 
F&E 
ratio 
2.2 2.0 1.9 2.0 2.0 2.0 1.9 1.9 1.9 1.9 
37.5 2.3 2.0 1.9 1.9 1.8 1.9 1.8 1.8 1.8 1.8 
25.0 2.2 2.0 2.0 1.9 1.8 1.9 1.8 1.8 1.7 1.7 
19.0 2.4 2.1 1.9 1.8 1.8 1.7 1.8 1.8 1.8 1.8 
12.5 2.4 2.0 1.9 1.9 1.8 1.8 1.8 1.7 1.7 1.7 
9.5 -- 2.1 2.0 1.9 1.8 1.8 1.8 1.8 1.8 1.8 
average 2.3 2.0 1.9 1.9 1.8 1.8 1.8 1.8 1.8 1.8 
 
50 
ST 
index 
 
1.3 0.9 0.9 0.8 0.9 0.9 0.9 0.7 0.7 0.6 
37.5 1.3 1.0 0.9 0.9 0.8 0.8 0.8 0.8 0.8 0.8 
25.0 1.4 1.2 1.1 1.0 0.9 0.9 0.8 0.9 0.9 0.9 
19.0 1.6 1.3 1.1 1.1 1.1 1.0 1.1 1.1 1.0 1.0 
12.5 2.0 1.5 1.3 1.3 1.3 1.2 1.2 1.2 1.0 1.0 
9.5 -- 1.7 1.5 1.4 1.5 1.4 1.4 1.4 1.4 1.4 
average 1.5 1.3 1.1 1.1 1.1 1.0 1.0 1.0 1.0 1.0 
 
Total number of 
particles 
135 257 300 302 297 286 277 253 239 235 
 
 
As clearly seen in Figure 6.7 and Figure 6.8, FI by Selig and Waters (1994) is a good 
indicator of ballast fouling condition since it adequately relates to reduced void space and 
increased particle packing in this now well-graded and smaller top-sized fouled ballast layer 
composition. Because both ballast fouling and shape property changes are due to particle 
abrasion and breakage from LA abrasion drum turns, the next step was to investigate how the 
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change in FI values would correlate to changes in aggregate particle shape indices quantified 
by the E-UIAIA.  
 
Figure 6.15 shows a strong correlation between the percent change in average AI values and 
FI with a coefficient of determination (R2) of 87% and 92% for limestone and granite, 
respectively. Similarly, Figure 6.16 also presents another strong correlation between the 
percent change in average ST indices and FI this time with a coefficient of determination (R2) 
of 81% and 90% for limestone and granite, respectively. Such trends shown in Figure 6.15 
andFigure 6.16 suggest that there is a definite linkage between ballast fouling and the overall 
reduced angularity and surface texture properties of ballast aggregate particles, also 
highlighted recently from field degradation trends by Moaveni et al. (2013). Such 
relationships found between ballast fouling levels and degradation in ballast size and shape 
properties could help to improve DEM ballast modeling efforts by simulating realistically 
ballast behavior at different fouling levels and utilizing field imaging techniques to determine 
field ballast serviceability. There is certainly more to learn by linking these findings to field 
degradation trends to capture both spatial property variability and property changes within the 
ballast layer depth to establish field usage and ballast life cycle under revenue service 
loading. 
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Figure 6.15 Angularity index change with Fouling Index during LA abrasion test 
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Figure 6.16 Surface texture index change with Fouling Index during LA abrasion test 
 
6.4 Summary 
 
A detailed experimental study was undertaken to characterize ballast aggregate degradation 
by conducting Los Angeles (LA) abrasion tests, which can generate fouled ballast through 
accelerating ballast degradation, and aggregate image analyses were performed. LA abrasion 
test specimens of limestone and granite type ballast materials were monitored for degradation 
and fouling trends by the help of imaging based quantifications of changes in sizes and 
shapes of individual particles in a controlled laboratory environment.  
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Detailed grain size distributions, void space and particle packing, and particle shape 
properties were analyzed. LA abrasion test generates in a laboratory environment fouled 
ballast materials through abrasion and breakage of large particles thus creating smaller 
particles and fine materials. Visual evidence was provided to show fouling materials 
accumulate at the bottom of ballast layer and gradually fill the voids created by particles 
quantified in this study as larger than 9.5 mm or 3/8 in. Fouling Index (FI), the summation of 
percentage by weight of ballast sample passing the 4.75 mm (No. 4) sieve and the percentage 
passing the 0.075 mm (No. 200) sieve, is a good indicator of ballast fouling conditions. When 
FI approached 40, nearly all voids among the larger particles were filled by finer materials 
from ballast degradation.  
 
Image analyses of particles larger than 9.5 mm or 3/8 in. presented clear trends of changes in 
both particle size and shape (i.e., flatness and elongation, angularity and surface texture) 
properties. As FI increased, particles became smoother and more rounded thus more resistant 
to abrasion and breakage. There is a clear relationship between FI and the overall shape 
reductions in angularity and surface texture properties of the aggregate particles larger than 
9.5 mm or 3/8 in. Ballast degradation trends to be monitored in the field using imaging 
techniques will potentially provide field validated relationships between ballast fouling levels 
and ballast size and shape properties that could help to improve ballast DEM modeling efforts 
and adequately establish field ballast serviceability and maintenance needs and life cycle 
performance.   
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CHAPTER 7 
 
7. LARGE SCALE TRIAXIAL TESTING AND DEM 
SIMULATION OF FOULED BALLAST MATERIAL 
 
New ballast is expected to get fouled gradually with usage in the field through the 
accumulated traffic tonnage. Ballast fouling or degradation is considered unfavorable and 
routinely dealt with ballast cleaning and undercutting type track maintenance activities. Thus 
it is not practical to only conduct laboratory tests and numerical simulations on clean ballast 
to investigate the ballast mechanical behavior. It is important to develop capability to 
simulate fouled ballast behavior as well. Previous studies reported fouling can significantly 
reduce ballast strength but mostly investigated fouled ballast behavior under the action of 
external fouling agents, e.g. subgrade soil intrusion and coal dust. This chapter presents the 
results of the large scale triaxial tests conducted on the fouled ballast materials generated by 
the LA abrasion testing effort described in Chapter 6. Both monotonic strength and 
permanent deformation tests will be conducted to investigate shear strength and permanent 
deformation behavior of fouled ballast using the triaxial test device introduced in Chapter 3. 
Accordingly, the triaxial test results of clean and fouled ballast will be compared to identify 
governing factors leading to different mechanical behavior. The laboratory tests are then 
simulated using the DEM approach. With appropriate adjustments made to DEM model 
parameters used in the current modeling approach of clean ballast behavior, the behavior of 
coarse fraction of fouled ballast is modeled. 
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7.1 Laboratory test condition 
 
7.1.1 Ballast material properties  
The fouled ballast material used in the monotonic compression and repeated load triaxial tests 
is the limestone material generated from LA abrasion tests as a result of the ballast 
breakdown and without any third party fouling agent. Each LA abrasion test generated about 
10 kg of fouled ballast, thus LA abrasion test was repeated to ensure enough material to 
conduct large scale triaxial tests.  
 
Figure 7.1 presents the gradations of the new ballast before LA abrasion testing and the 
fouled ballast generated after 13 subsequent LA abrasion tests. The generated 130 kg fouled 
ballast was carefully sieved and stored in sealed plastic bags as shown in Figure 7.2. An 
average gradation was calculated based on the 13 gradation curves and this average gradation 
was considered as the gradation of the fouled ballast materials used in triaxial tests later on. 
The fouled ballast specimen was engineered according to the average gradation by selecting 
appropriate amounts of material from each sieve size. As shown in Figure 6.7, fine materials, 
i.e., aggregate particles that are smaller than 9.5 mm (3/8 in.), accumulate from the bottom to 
fill all the voids created by larger particles all the way to the top. It would be very interesting 
to also investigate the mechanical behavior of the scalped gradation of the coarse aggregate 
fraction (larger than 9.5 mm or 3/8 in. size) of the fouled ballast material generated from LA 
abrasion tests. In addition, shape properties of particles with sizes larger than 9.5 mm (3/8 in.) 
were collected to help adequately model the aggregate skeleton of this heavily fouled ballast 
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to perform DEM simulations. The first ballast material tested was the fouled limestone 
generated by the LA abrasion test with a FI of 40, denoted as “Fouled Ballast”. Both the 
strength tests and permanent deformation tests were conducted on this heavily fouled 
limestone specimen. Later on, fine material smaller than 9.5 mm (3/8 in.) in particle size was 
sieved out leaving particles larger than 9.5 mm (3/8 in.) only as the second ballast material, 
denoted as “Degraded Ballast (3/8’’ plus)” or “Degraded Ballast Coarse Aggregate Fraction”.  
Figure 7.3 shows the photos of the top and side views of clean ballast, fouled ballast, and 
degraded ballast coarse aggregate fraction in the cylindrical acrylic chamber.  
 
 
Figure 7.1 Ballast gradations before and after LA abrasion tests 
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Figure 7.2 Particles sorted and stored in plastic bags after each LA abrasion test 
 
 
   
New Ballast 
(No Fines) 
Degraded Ballast 
(3/8’’ plus, no Fines) 
Fouled Ballast 
(With Fines) 
   
FI=0 FI=0 FI=40 
*Fines: Particles passing 9.5-mm or 3/8-in. size 
 
Figure 7.3 Photos of side and top views of aggregate packing 
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Figure 7.4 shows the gradation properties of the clean ballast material, fouled ballast material, 
and the scalped gradation for degraded ballast coarse aggregate fraction (sizes above 9.5 mm 
or 3/8 in.) obtained from the fouled ballast material. The specimen preparation steps and 
procedures described earlier were followed for testing the heavily fouled and scalped 
gradation ballast specimens similar to the clean ballast. Table 7.1 summarizes the similarities 
and differences of testing conditions and properties of the fouled ballast and clean ballast 
specimens. 
 
 
 
Figure 7.4 Limestone ballast gradations in laboratory triaxial testing  
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Table 7.1 Comparisons of test conditions of different ballast materials 
 Clean Ballast 
Degraded Ballast 
Coarse Aggregate 
Fraction  
(3/8’’ plus) 
Fouled Ballast  
 
Angularity Index  
(AI in degrees) 
440 278 278 
Flat & Elongated  
(F&E) Ratio  
2.3 1.9 1.9 
Surface Texture 
(ST) Index  
1 1.3 1.3 
Coefficient of 
Uniformity (Cu) 
1.46 1.79 350 
Coefficient of 
Curvature (Cc) 
0.97 1.13 4.02 
Specimen height 61 cm 61 cm 61 cm 
Specimen diameter 30 cm 30 cm 30 cm 
Specimen weight 70 kg 73 kg 94 kg 
Compaction time 16 s 16 s 16 s 
Void ratio 0.68 0.61 0.25 
 
 
7.1.2 Monotonic compression tests 
Monotonic strength tests were performed on the specimen of the fouled ballast and degraded 
ballast coarse aggregate fraction. The detailed properties of the specimens for different 
materials are listed in Table 7.1. The monotonic loading triaxial compression tests were 
conducted for the ballast strength at three different confining pressures; 69kPa (10 psi), 103 
kPa (15 psi), and 138 kPa (20 psi), in displacement control mode with the shearing rate of 1% 
strain per minute adopted for the slow conventional strength tests corresponding to 0.1016 
mm/s. Similar to the triaxial tests on clean ballast, appropriate amounts of fouled ballast 
material were mixed and divided into four piles before constructing the any test specimen as 
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shown in Figure 3.4. The test specimen was prepared following the same procedures for the 
clean ballast described in details in Chapter 3.  
 
Figure 7.5 presents the results of monotonic compression tests with the fouled ballast and 
degraded ballast coarse aggregate fraction tested under different confining pressures. For 
comparison purposes, monotonic compression test results of the clean ballast are also shown 
in Figure 7.5. Interestingly, particle degradation did not result in significant strength loss in 
the fouled ballast specimens when compared to the new clean ballast material. On the 
contrary, in most cases the degraded ballast with or without fines yielded higher strength than 
the clean ballast specimen. Comparing the gradations of the three ballast materials (see 
Figure 7.4), the degraded ballast coarse aggregate fraction comprised higher number of 
smaller particles and was more “well” graded than the clean ballast material, which satisfied 
AREMA No. 24 uniform gradation specification. The smaller particles within the degraded 
ballast matrix can potentially help stabilize the aggregate skeleton, thus resulting in higher 
shear strength. Moreover, from the imaging-based shape properties listed in Table 7.1, 
particles of the degraded ballast coarse aggregate fraction have significantly lower Angularity 
Index (AI), and tend to be more cubical and smoother and hence less susceptible to abrading 
of sharp corners and edges during strength testing when compared to clean ballast particles. 
Accordingly, more cubical degraded ballast particles with smoother surfaces can attain a 
denser packing configuration leading to higher densities for the specimens. This results in 
higher peak deviator stress values achieved during shear strength testing.  
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(a) 
 
Figure 7.5 (cont. on next page) 
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(b) 
 
Figure 7.5 (cont. on next page) 
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(c) 
 
Figure 7.5 Laboratory monotonic compression triaxial test results on limestone at different 
ballast fouling conditions under different of confining pressures of: (a) 69 kPa; (b) 103 kPa; 
and (c) 138 kPa. 
 
For the specimens prepared with the fouled ballast, fines (material finer than 9.5 mm or 3/8 
in.) filled the voids created by larger particles (see 
Figure 7.3), thus helping to stabilize the aggregate skeleton. However, presence of excessive 
fines in the aggregate matrix results in the loss of contact between large particles, thus 
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making it easier for the large particles to reorient and rearrange. This in turn can lead to 
significant reductions in the specimen shear strength. The fine particles thus present both 
“stabilizing” as well as “lubricating” effects in the specimens prepared with the fouled ballast. 
This could be the reason why fouled had less strength than degraded ballast coarse aggregate 
fraction but higher strength than clean ballast. This could also be the reason why the fouled 
ballast had much smoother stress-strain curves during monotonic compression tests. However, 
all the test results presented here were under dry conditions, i.e., no additional moisture was 
present in the test specimens. Upon introduction of moisture into the specimens, the shear 
strength behavior of ballast is expected to drop substantially. 
 
Another interesting observation worth noticing from Figure 7.5 was the initial slopes of the 
stress-strain curves, which can be easily classified into three groups linked to the different 
ballast materials tested. The clean ballast material having more angular particles and no fines 
gave the highest initial slope of the stress-strain curves, although the ultimate strength of 
clean ballast was generally less than the fouled ballast and the degraded ballast coarse 
aggregate fraction. The degraded ballast coarse aggregate fraction material presented a lower 
initial slope of the stress-strain behavior during monotonic compression tests as compared 
with the values of clean ballast. This could be due to the fact that aggregates of the degraded 
ballast coarse aggregate fraction were abraded to have much less angular and smoother 
particles compared to the clean ballast specimens. Thus the initial aggregate interlocking 
could be weaker in the degraded ballast coarse fraction than in the clean ballast. However, 
significant particle reorientation and rearrangement took place when strain level was 
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increased during monotonic compression test, which triggered the “stabilizing” effect of 
smaller particles in the degraded ballast coarse fraction. For the fouled ballast, fines in the 
aggregate matrix could have reduced the effect aggregate interlocking from the beginning of 
the monotonic compression test, which resulted in the lowest initial slope of the stress-strain 
curve as shown in Figure 7.5. Similarly, as strain level was increased, fines presented both 
“stabilizing” and “lubricating” effects with significant particle reorientation and 
rearrangement and the ultimate strength of the fouled ballast was lower than the degraded 
ballast coarse aggregate fraction but higher than the clean ballast. 
 
 
7.1.3 Permanent deformation tests  
To investigate the ballast permanent deformation behavior, repeated load triaxial tests were 
conducted in the laboratory. The loading pulse employed was the same haversine shape 
loading used in the tests with clean ballast with 0.4-second load duration and 0.6-second rest 
period between the two load cycles (see Figure 3.9). The applied confining pressure and 
deviator stress pairs all remained the same as used in testing the clean ballast specimens. 
Three specimens were prepared and tested in repeated loading up to 10,000 cycles. The 
deformation of the middle part of the specimen was recorded during each loading cycle.  
 
Figure 7.6 presents the permanent deformation test results up to 10,000 load cycles for the 
three different limestone samples: (1) clean ballast, (2) fouled ballast (FI=40), and (3) 
degraded ballast coarse aggregate fraction (sizes above 9.5 mm or 3/8 in.) obtained from the 
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fouled ballast material. Three replicate permanent deformation tests were conducted on each 
material. This required carefully collecting and remixing the same particles for using in the 
next test and thus eliminating the effect of any sample variability in material composition. 
Gradation was also checked after the permanent deformation tests to confirm no significant 
change was encountered in the particle size distributions as shown in Figure 7.7.  
 
 
 
 
 
Figure 7.6 Laboratory permanent deformation triaxial test results on limestone at different 
ballast fouling conditions 
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The results of the repeated load triaxial tests on the limestone ballast specimens clearly 
showed that permanent deformations in general increased with the number of load cycles but 
at a decreasing rate of accumulation. Different ballast materials, i.e., the clean ballast, fouled 
ballast, and the degraded ballast coarse aggregate fraction (larger than 9.5 mm or 3/8 in. size) 
showed typical trends of permanent deformation accumulation in an expected orderly fashion. 
There were two important observations: (1) when the uniform ballast gradation changes from 
coarse to fine (see Figure 7.4 for clean and fouled with 3/8-in. plus), there was an increase in 
permanent deformation accumulation, and (2) when the fine materials, smaller than 9.5 mm 
or 3/8 in. size, were present typically in a fouled ballast sample, there was a significant 
increase in the permanent deformation accumulation.  
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Figure 7.7 Gradation check before and after three repeated load tests 
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The difference between the clean ballast and coarse aggregates fraction of the degraded 
ballast is again due to the differences in gradation and particle shape properties. In other 
words, no fines/fouling materials, i.e., particles smaller than 9.5 mm (3/8 in.), were present in 
the samples of these two materials. The degraded ballast coarse aggregates fraction had 
smaller particles (but still larger than 9.5 mm), also indicated by the gradation curve shown in 
Figure 7.4. Also, the aggregate particles were smoother with lower imaging based AI and ST 
index values given in Table 7.1.  
 
The fouled ballast specimens clearly resulted in the highest permanent axial strains measured. 
After 10,000 load cycles, the clean ballast specimens had an average permanent strain of 
0.62%, while the heavily fouled ballast specimens yielded an average permanent strain of 
1.21%. The degraded ballast coarse aggregates fraction gave permanent axial strain values in 
between the clean ballast and heavily fouled ballast with an average permanent axial strain 
value of 0.93%.  
 
The fouled ballast specimens (heavily fouled with FI=40) had the highest permanent axial 
strain among the three different ballast materials, an average permanent axial strain of 1.21% 
after 10,000 cycles of loading. Note that the difference between the fouled ballast and the 
degraded ballast coarse aggregates fraction was in fact the fines/fouling material (particles 
smaller than 9.5 mm or 3/8 in.) due to the ballast breakdown and degradation from the LA 
abrasion tests. These fines not only filled the voids but in fact caused loss of contact between 
large particles in the fouled ballast aggregate skeleton as shown in Figure 7.8. In other words, 
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fines in the fouled ballast had a “lubricating” effect in the degraded ballast coarse aggregate 
matrix.  
 
 
 
Figure 7.8 Photos of the fouled ballast specimen (FI=40) after permanent deformation testing 
 
 
 
 
 
 
 
 
Top
Bottom
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7.2 DEM simulations of tests conducted on coarse aggregates fraction of 
the degraded ballast 
 
7.2.1 Simulating coarse aggregate fraction of the degraded ballast 
Because the main difference between the clean ballast and the degraded ballast coarse 
aggregate fraction (larger than 9.5 mm or 3/8 in. size) was the gradation and particle shape 
properties, the same approach used to simulate the clean ballast permanent deformation 
behavior can be used to simulate the behavior of the coarse aggregate fraction of the 
degraded ballast. However, as discussed before, the particle contact mechanism of the fouled 
ballast was significantly different than the contact mechanism of the clean ballast. 
Nevertheless, due to the computation time and CPU speed limitations, it was not feasible and 
practical to consider the full gradation of the fouled ballast sample in DEM simulations, 
which would require taking into account so many fine particles, smaller than 9.5 mm or 3/8 in. 
size. In order to simulate the degraded ballast coarse aggregate fraction, a similar procedure 
was followed as described in Chapter 3, except the DEM elements were generated in 
accordance with the gradation and particle shape properties presented in Figure 7.4 and Table 
7.1. 
 
7.2.2 DEM model predictions of monotonic compression tests  
Figure 7.9 presents the DEM model predictions for the computed stress-strain behavior and 
compares them with the results from the laboratory monotonic compression experiments of 
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the degraded ballast coarse aggregate fraction. Similar to the previous clean ballast material 
DEM simulations, the “incremental displacement” shearing method (see Figure 3.12) was 
adopted.  The “spikes” in the curves of laboratory test results indicates sudden particle 
reorientation and/or rearrangement and this phenomenon was captured by individual DEM 
simulations. The curve corresponding to the averages of the three DEM simulations showed 
good agreement with laboratory test results. By adequately addressing the grain size 
distribution and shape properties of the generated DEM elements to match the properties of 
actual particles of the degraded ballast coarse aggregate fraction, the DEM model predictions 
adequately captured the stress-strain behavior of the degraded ballast coarse aggregate 
fraction. Figure 7.10 presents the stress paths traced in the laboratory tests and the 
corresponding DEM simulations.    
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 (a) 
 
Figure 7.9 (cont. on next page) 
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(b) 
 
Figure 7.9 (cont. on next page) 
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(c) 
 
Figure 7.9 (cont. on next page) 
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(d) 
Figure 7.9 Comparisons of DEM simulation and experimental results for the strength 
behavior of the degraded ballast coarse aggregate fraction 
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Figure 7.10 Stress paths of triaxial shear strength tests and DEM simulations with degraded 
ballast coarse aggregate fraction 
 
7.2.3 DEM model predictions of permanent deformation tests  
Figure 7.11 presents the permanent deformation test results and the DEM model predictions 
for the degraded ballast coarse aggregate fraction up to 2,000 loading cycles. Similar to the 
previous clean ballast material DEM simulations, the “incremental displacement” shearing 
194 
 
method (see Figure 3.19) was adopted. Permanent deformation results from the three 
laboratory tests on the same specimen but with different initial particle arrangements were 
used in the DEM simulations for comparison (see Figure 7.11). The three DEM simulations 
were prepared with the same DEM elements generated according to the gradation and particle 
shape properties of the actual particles of the degraded ballast coarse aggregate fraction but 
with different initial particle arrangements. The average results of both laboratory tests and 
the DEM simulations are also given in Figure 7.11. The DEM model predictions generally 
captured the permanent deformation behavior of the degraded ballast coarse aggregate 
fraction up to 2,000 loading cycles. As discussed earlier in Chapter 3, the initial particle 
arrangement played an important role in both the repeated loading tests and the DEM 
simulations. Since the particles were less angular and smoother, the permanent deformations 
varied much less for the degraded ballast coarse aggregate fraction and similarly predicted by 
the DEM simulations. The average results from the three DEM simulations matched with the 
average permanent deformation accumulations from the three laboratory tests. 
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Figure 7.11 Comparisons of the DEM model predictions and the permanent deformation test 
results up to 2,000 cycles for the coarse aggregate fraction of the degraded ballast 
 
Both the average experimental results and DEM model predictions of the clean ballast and 
the degraded ballast coarse fraction are indicated in Figure 7.12 for comparison. The 
permanent deformations for both the clean ballast and the degraded ballast coarse aggregate 
fraction accumulate rapidly at the initial stage and increase asymptotically. The degraded 
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ballast coarse aggregate fraction was a higher permanent deformation at the initial stage but 
the rate of accumulation at later stages is comparable to that of the clean ballast.  
 
 
 
Figure 7.12 Comparisons of the average permanent deformation test results and the DEM 
model predictions for up to 2,000 cycles 
 
7.3 Summary 
 
Large-scale triaxial monotonic compression and permanent deformation tests were performed 
on the fouled ballast specimens generated from the LA abrasion tests for ballast breakdown 
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and degradation. Based on the experimental results of this study, ballast degradation not 
necessarily resulted in significant strength loss during monotonic compression tests. On the 
contrary, in most cases of this study the degraded ballast with or without fines yielded higher 
strength than the clean ballast specimens. Smaller particles could be providing a “stabilizing” 
effect that caused a strengthening of the aggregate matrix and accordingly, fines served as a 
“stabilizer” and “lubricant” in the aggregate matrix. 
 
In the interpretation of the shear strength tests, the fouled ballast and the degraded ballast 
coarse aggregate fraction specimens had lower initial slopes of the stress-strain curves than 
the clean ballast. This implied the initial aggregate interlocking was probably weaker or more 
unstable for the degraded ballast with or without fines as compared to the clean ballast due to 
the differences in particle gradation and shape properties. Ballast degradation had significant 
influence on ballast permanent deformation behavior. The degraded ballast coarse fraction 
yielded higher permanent deformation accumulations when compared to the clean ballast 
under the same loading conditions, while the fouled ballast (fines included) yielded the 
highest permanent deformation accumulations when compared to the degraded ballast coarse 
fraction and the clean ballast specimens.  
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CHAPTER 8 
 
8. LARGE SCALE TRIAXIAL TESTS AND DEM 
SIMULATIONS OF GEOGRID REINFORCED BALLAST 
MATERIALS 
 
Geogrids have been commonly used in highway and unpaved road applications to improve 
the transportation facility performance through their interlocking ability with individual 
aggregate particles. In the case of railroad track applications, geogrids can be placed both 
within the subballast and ballast layers. The reinforcement application in the ballast layer 
improves strength and modulus properties of the ballast, limits lateral movement of aggregate 
particles, and reduces vertical settlement through effective geogrid-aggregate interlocking. 
Large-scale triaxial monotonic compression tests were performed to evaluate the 
reinforcement effect of geogrids when placed at different locations in a cylindrical ballast 
specimen. This chapter also presents results related to the reinforcement effect of geogrids 
when used with ballast at different fouling conditions. 
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8.1 Performance of geogrid reinforced ballast with geogrid placed at 
different locations 
 
8.1.1 Laboratory test configuration 
Monotonic strength tests were performed with the same clean limestone ballast and triaxial 
test equipment described in Chapter 3. The geogrid-reinforced specimens were prepared 
following a procedure similar to that used for preparing the unreinforced specimens. The 
same as triaxial tests without geogrid reinforcement, appropriate amount of ballast material 
was mixed and divided into four piles before constructing any test specimen as shown in 
Figure 3.4. The thicknesses of each lift and the corresponding compaction times were 
calculated based on where geogrid was placed in the cylindrical specimen to ensure uniform 
compaction. Special care was taken to ensure proper penetration of the ballast particles into 
the geogrid apertures. This was done by scarifying the compacted ballast lifts within a 50-mm 
(2-in.) zone immediately below and above the geogrid, and separately compacting this 
100-mm (4-in.) zone encompassing the geogrid layer. At the end of placing all lifts and 
geogrid(s), each test specimen was checked for the total height and leveling of the top plate. 
For the clean ballast specimens, the computed specimen void ratios (e) were consistently 
around 0.68, the same as unreinforced specimens. All shear strength tests for the 
geogrid-reinforced specimens were conducted at an all-around confining pressure level of 
138 kPa (20 psi). Shearing rate was kept constant at 5% axial strain per second. At the end, 
the peak deviator stress values at failure were used to evaluate the geogrid reinforcement 
effects. 
200 
 
 
The ballast material used in this study comprised 100% crushed clean limestone aggregates 
with the gradation presented in Figure 3.3, and was tested under oven-dried conditions. Two 
different geogrid types with triangular and square aperture shapes were used in this study. 
Small pieces of the geogrid were cut to adequately fit within the aluminum split mold used 
for specimen preparation. Relevant dimensions and properties of the geogrids (see Figure 8.1), 
as obtained from manufacturer specifications, are given in Table 8.1. 
 
Table 8.1 Relevant properties of geogrids used 
 Square Aperture Triangular Aperture 
 Side Longitudinal Diagonal 
Aperture Dimensions (mm) 65 60 60 
Ultimate QC Strength (kN/m) 30  
Junction Efficiency (percentage)  93 
Radial Stiffness (kN/m@0.5% strain)  350 
 
In order to investigate the effect of geogrid placement location, large-scale triaxial specimens 
were tested under five different reinforcement configurations as shown in Figure 8.1. These 
configurations represent different ratios between the depths of reinforcement (Dr) from the 
bottom of loading plate and the loading plate diameter (B), which has been linked to the 
ultimate bearing capacity values (Raymond and Ismail 2003). Including the unreinforced 
(control) case, results from the following six test configurations are presented below: 
 
1. Configuration A: Unreinforced 
2. Configuration B: One geogrid placed at specimen mid-height 
               (Dr / B = 1.0) 
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3. Configuration C: One geogrid placed at 152 mm from the top of the specimen  
               (Dr/B = 0.5) 
4. Configuration D: One geogrid placed at 152 mm from the bottom of the specimen  
               (Dr/B = 1.5) 
5. Configuration E: Two geogrids placed at 152 mm from top and bottom of the 
specimen 
                     (Dt/B = 0.5, Dr/B = 1.5) 
6. Configuration F: Two geogrids placed at 254 mm from top and bottom of the 
specimen 
                     (Dt/B = 0.83, Dr/B = 1.16) 
 
where  Dr= Depth of geogrid from the bottom of loading plate; Depth of bottom geogrid 
when  
           two geogrids are placed 
       B= Diameter of loading plate (= 305 mm for the TX-24 test setup) 
       Dt= Depth of top geogrid from the bottom of loading plate 
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Figure 8.1 Photographs showing geogrid used in laboratory test relative locations of geogrid 
placement corresponding to different test configurations 
 
8.1.2 DEM simulations of geogrid reinforced ballast tests 
All shear strength tests conducted on the geogrid-reinforced specimens were numerically 
modeled using the DEM approach similar to that used for the unreinforced specimens as 
described in Chapter 3.2. After first establishing the 3D membrane elements, the DEM 
elements for aggregate particles, having the same gradation and shape properties of the actual 
limestone ballast material were poured into the cylinder. In between different lifts, a sheet of 
geogrid element was generated corresponding to the different reinforcement conditions being 
simulated. The geogrid element was modeled as a rigid non-deformable bar element with the 
same aperture dimensions as the geogrids used in the experimental study. However, the rib 
thickness of the square aperture geogrid could not be accurately modeled using the DEM 
203 
 
approach. This was because the rib thickness for the square aperture geogrid was significantly 
smaller than the individual ballast particle sizes. Modeling the exact rib dimensions of the 
square aperture geogrid would significantly increase the required computational effort. The 
rib thickness for the square aperture geogrid was therefore modeled in the current study as 
equal to that for the triangular aperture geogrid. Accordingly, the DEM simulated results for 
specimens with the square aperture geogrids are likely to overestimate the deviator stress 
values compared to the laboratory test results owing to the relatively thicker rib thicknesses. 
Figure 8.2 gives an overview of the DEM model used to simulate the large-scale triaxial tests 
and the simulated two types of geogrid. 
 
 
 
 
Figure 8.2 Geogrids and triaxial ballast specimen established in the DEM simulations 
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8.1.3 Results of experiments and DEM simulations 
Figure 8.3 presents the peak deviator stress values at failure mobilized for the different 
reinforcement configurations for the triangular and square-aperture geogrids. From the figure 
it is evident that configuration F with two geogrids placed 254 mm (10 in.) from the top and 
bottom of the specimen achieved the highest shear strength properties for both geogrid types. 
Similarly, configuration B (one geogrid at specimen mid-height) exhibited the second highest 
shear strength properties in both cases. Accordingly, it is evident that the addition of one extra 
layer of geogrid, and changing the placement along the specimen height had a significant 
effect on the shear strength gain. This is in contradiction to results reported by Brown et al. 
(2007) who conducted a version of plate loading test to report no significant difference in 
ballast settlement upon changing the geogrid position in the ballast layer, or by adding an 
extra layer of geogrid. Raymond and Ismail (2003), on the other hand, observed an increase 
in the ultimate bearing capacity of an aggregate layer when an additional geogrid layer was 
placed. Note that Figure 8.3 (a) shows a minimal increase in the peak deviator stress at failure 
for configuration E (two geogrids, 152 mm or 6 in. from top and bottom) compared to the 
unreinforced case (configuration A). Figure 8.3 (b), on the other hand, shows a reduction in 
the peak deviator stress at failure for configuration E compared to configuration A. This 
phenomenon may potentially be linked to inadequate penetration of the ballast particles into 
the geogrid apertures. Note that Brown et al. (2007) reported an increase in permanent 
deformation for specimens with small-aperture geogrids that resulted in improper penetration 
of the ballast particles into the geogrid aperture.   
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(a) 
 
(b) 
Figure 8.3 Peak deviator stresses at failure corresponding to different reinforcement 
configurations: (a) triangular aperture geogrid; (b) square aperture geogrid   
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(a) 
 
Figure 8.4 (cont. on next page) 
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(b) 
Figure 8.4 Stress-strain curves from the experiments and the DEM simulations of 
configurations B and F: (a) triangular aperture geogrid; (b) square aperture geogrid 
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Figure 8.4 comparatively evaluates the DEM-simulated and experimental stress-strain 
behavior for specimens reinforced with the two different geogrid types under configurations 
B and F. Note that both experimental and simulation data are presented up to an induced axial 
strain level of 10%. As shown in the figure, the DEM approach was able to capture the 
stress-strain behavior of the specimens reinforced with the triangular aperture geogrid. As 
expected, the DEM approach overestimated the deviator stress values for the specimens with 
square aperture geogrid, owing to the thicker rib thicknesses used in the simulations. The 
zigzag shapes of the experimental stress-strain curves at high axial strain levels indicated 
sudden strength drops. This can be attributed to the breaking of geogrid ribs and/or the 
resulting reorientation of aggregates from their previous interlocked positions. Immediately 
after this reorientation, the geogrid-reinforced ballast was restored to fully restrained 
condition due to the formation of new interlocked positions. This led to an increase in the 
specimen strength. Note that for the DEM approach, the geogrids elements were rigid, 
non-deformable, and unbreakable. As the geogrids in the DEM simulation remained rigid, 
contact forces would keep increasing between particles and geogrid ribs until particles 
overpass each other or geogrid ribs, which resulted in a large increase of strength before 
sudden strength drop. Therefore, the DEM simulations could overestimate the maximum 
strength properties of geogrid-reinforced ballast specimens. If more rib breakage was 
observed in the experiment, the overestimation in the DEM simulation would become more 
significant.  
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8.2 Performance of geogrid reinforced ballast at different levels of 
degradation 
 
8.2.1 Laboratory test configuration 
Monotonic strength tests were performed with the same triaxial test equipment described in 
Chapter 3. The geogrid-reinforced specimens were prepared following a procedure similar to 
that used in Chapter 8. For comparison purposes, each specimen was reinforced with one 
layer of geogrid placed in the middle of the specimen. All shear strength tests for the 
geogrid-reinforced specimens were conducted at an all-around confining pressure level of 
138 kPa (20 psi). Shearing rate was kept constant at 5% axial strain per second. Same 
geogrids, one type with square aperture and the other with triangular aperture, were used. 
Relevant properties of geogrids were given in Table 8.1. The clean ballast material, fouled 
ballast material, and the degraded ballast coarse aggregate fraction were used for evaluating 
the effect of geogrid reinforcement. The material gradations and the relevant properties of the 
specimens of different material were given in Figure 7.4 and Table 7.1, respectively.  Figure 
8.5 shows photos of the specimens constructed with different ballast materials reinforced 
with triangular and square aperture geogrids, respectively. 
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With triangular aperture geogrid With square aperture geogrid 
  
Clean ballast 
  
Degraded ballast coarse fraction 
  
Fouled ballast (FI =40) 
 
Figure 8.5 Photos of specimens with geogrid reinforced ballast at different levels of 
degradation 
 
8.2.2 DEM simulations 
All shear strength tests conducted on the geogrid-reinforced specimens were numerically 
modeled using the DEM approach similar to that used for the unreinforced specimens as 
described in Chapter 3. The numerical simulation procedures of geogrid reinforced ballast 
211 
 
monotonic compression test were introduced in Chapter 8.1. The geogrid element was 
modeled as a rigid non-deformable element with the same aperture dimensions as the 
geogrids used in experimental study, details was discussed before. Note that for specimens 
prepared using the fouled ballast material (with fines included), it was not possible to collect 
particle shape properties for the fine particles for constituting the triaxial specimen within the 
DEM environment. Moreover, the inclusion of numerous fine particles in the model would 
dramatically increase the computational expense, with the estimated CPU time to complete 
one simulation being hundreds of days. Accordingly, the DEM simulations of triaxial shear 
strength tests performed under the scope of the current study were only limited to specimens 
prepared with the clean ballast and the degraded ballast coarse fraction. The different ballast 
particles generated as the DEM elements in the simulations were generated according to the 
gradation and particle shape properties presented in Figure 7.4 and Table 7.1. 
 
8.2.3 Results of experiments and DEM simulations 
Figure 8.6 presents results from the large-scale triaxial shear strength tests conducted on the 
new ballast, degraded ballast coarse fraction and the fouled ballast specimens for up to 10% 
axial strain. Peak deviator stress values for the different ballast materials obtained from the 
laboratory experiments and the DEM simulations are listed in Table 8.2. As shown in Figure 
8.6, all the specimens exhibited similar stress-strain behavior for the small strain response. 
This was primarily because for the small strain response the corresponding small radial 
bulging conditions did not fully mobilize the aggregate-geogrid interlock mechanism. 
However upon gradual increase in the axial strain levels, significant interlock between the 
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geogrid and ballast particles was achieved to prevent lateral movements of particles and the 
corresponding radial bulging was prevented.  
 
It is important to note that significant “jumps” in the stress-strain curve are observed at high 
axial strain levels (see Figure 8.6). This can be attributed to the sudden breakage of geogrid 
ribs (often observed upon examining the geogrids after tests were completed in the 
laboratory), under excessive ballast-geogrid interaction forces or ballast particle breakage, 
and subsequent reorientation of individual ballast particles. Similar trends have been 
observed and discussed earlier in this chapter.  
 
The DEM simulation results presented in Figure 8.6 showed generally good agreement with 
the experimental data. In some cases, the DEM simulations overestimated the strength of 
geogrid reinforced specimens; this is due to the fact that breakage of the geogrid ribs or 
rearrangement of aggregate particles was not allowed in the DEM simulations and the rib 
thickness of square aperture geogrid in DEM simulations was higher than rib thickness of the 
actual geogrid.   
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(a) Strength tests and DEM simulation results of clean ballast 
 
(b) Strength tests and DEM simulation results of degraded ballast coarse fraction 
 
Figure 8.6 (cont. on next page) 
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(c) Strength tests results of fouled ballast 
 
 
Figure 8.6 Laboratory clean and fouled ballast strength tests with geogrid reinforcement and 
the DEM simulation results (Note that only laboratory data presented for the Degraded 
Ballast Material with Fines)  
 
 
Table 8.2 Peak strength values from laboratory tests and DEM simulation predictions 
 
 
Ballast Type 
Unreinforced 
(kPa) 
Triangular-aperture 
Geogrid Reinforced (kPa) 
Square-aperture Geogrid 
Reinforced (kPa) 
Lab 
Clean 590 643  705  
Degraded 
(coarse fraction) 
709 786  894  
Fouled  570 664  836  
DEM 
Clean 604 709  912  
Degraded 
(coarse fraction) 
693 813  880  
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Similar to the experimental results of unreinforced tests with different ballast materials 
presented in Figure 7.5, particle degradation in geogrid reinforced tests did not result in 
significant strength loss for the fouled ballast specimens when compared with the new ballast 
material. With geogrid reinforcement, strength properties of clean ballast increased more than 
10% with both triangular- and square-aperture geogrid. The effect of geogrid reinforcement 
was more pronounced with degraded ballast coarse fraction which had smaller particles thus 
more aggregate-geogrid interlocking. Also, for the fouled ballast with geogrid reinforcement, 
the strength of the fouled ballast was significantly increased. Geogrids could effectively limit 
the movement of degraded ballast coarse fraction. Although the fines played not only 
“stabilizing” effect” but also “lubricating” effects in the fouled ballast which weakened the 
contact between large particles, geogrids could improve shear strength and also distribute the 
load more evenly which helped stabilizing the aggregate matrix. With geogrid reinforcement, 
fouled ballast yielded higher strength than the clean ballast using the same type of geogrid.  
 
The measurement of volumetric strain and tracking the corresponding changes in specimen 
geometry during shear strength testing of large aggregate particles such as the railroad ballast 
can be very challenging. As already mentioned, on-specimen deformation measurements 
using LVDTs was not carried out during the current study to prevent damage to the 
instrumentation upon instant excessive bulging of the specimen. However, information 
regarding volumetric strains and specimen geometric changes during triaxial shear strength 
testing of ballast can be easily extracted from numerical simulations. Changes in the radius of 
each membrane layer as well as specimen volume with controlled axial strain for all the test 
216 
 
configurations are presented in Figure 8.7. Figure 8.7 clearly shows that the initial radius of 
each membrane layer was identical (152 mm or 6 in.), but underwent different change 
patterns with gradual increases in axial strain. Note that membrane layer M8 behaved 
differently than other layers due to boundary effects (see Figure 8.7). Changes in the 
membrane layer radius can be interpreted as bulging of the specimen at the corresponding 
locations. Membrane layers M4 through M7 exhibited the largest increase in radius for both 
reinforced as well as unreinforced cases. However, the largest radius was 175.6 mm (M6) for 
the unreinforced case; 171.6 mm (M5) for the triangular aperture geogrid reinforced case; and 
167.0 mm (M6) for the square aperture geogrid reinforced case. From Figure 8.7, the radius 
increases for geogrid-reinforced cases were more “uniform” compared to the unreinforced 
case. This is a direct manifestation of the “restraining” effect of geogrids against lateral 
movement. Note that for unreinforced specimens, particles near the specimen mid-depth 
underwent large lateral movements, with particles near top and bottom of specimen 
exhibiting no significant lateral movement. Figure 8.7 also shows that gradual increase in the 
axial strain initially resulted in a small reduction in the specimen volume, followed by 
continued increase. The unreinforced specimen demonstrated the highest degree of dilation, 
whereas the dilation for the specimen with a square-aperture geogrid was the lowest. This is 
also indicative of the effectiveness of geogrids as far as restrained lateral particle movement 
during shear strength testing is concerned. 
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Figure 8.7 Changes in radius of each membrane layer element and the specimen volume for 
the degraded ballast coarse fraction specimens computed in DEM simulations 
 
For better visualization of changes in specimen geometry with increasing axial strain levels, 
Figure 8.8 shows the front view of a DEM-generated triaxial ballast specimen (degraded 
ballast coarse fraction) reinforced with a triangular aperture geogrid at three different axial 
strain levels. As shown in the figure, the maximum bulging takes place slightly below the 
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specimen mid-depth (location of geogrid placement), which corresponds to layers M5 and 
M6. This visual representation is in agreement with the trends in radius change reported in 
Figure 8.7. Specimen configurations in the DEM simulation and the laboratory tests under 10% 
strain are compared in Figure 8.9. 
 
 
0% axial strain 5% axial strain 10% axial strain 
 : Horizontal arrow indicates the position of triangular aperture geogrid 
 
Figure 8.8 Front view of the DEM simulations of the triangular aperture geogrid reinforced 
specimens of the degraded ballast coarse fraction 
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(a) Specimen in DEM simulation (b) Specimen in laboratory experiment 
  
Figure 8.9 Deformed ballast specimen configuration of the triangular aperture geogrid 
reinforced degraded ballast coarse fraction: (a) DEM simulation; (b) laboratory test 
 
Note that the particle reorientations at the ballast-geogrid interface can also have significant 
effects on the changes in specimen geometry with increasing axial strain levels. This can be 
illustrated considering two individual ballast particles from one of the DEM simulations. 
Figure 8.10 shows two ballast particles (Particle A and Particle B) and their contacts with the 
geogrid element from the DEM simulation. Although the two particles remained in contact 
with the geogrid element throughout the triaxial shear strength test simulation, the type of 
particle rotation and reorientation at the ballast-geogrid interface was different for the two 
with increasing axial strain. Particle A exhibited a potential trend to climb over the geogrid 
element, particularly at relatively large (~ 6%) axial strain levels. Particle B, on the other 
hand, tended to penetrate into the geogrid aperture throughout the shearing process. Such 
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detailed observations regarding the contact behavior obtained from the DEM simulations can 
be used to potentially optimize the combination of particle shape, geogrid rib shape, particle 
size, and aperture size, etc. for maximizing effective interlocking between geogrids and 
aggregate particles. 
 
   
0% axial strain 2% axial strain 4% axial strain 
   
6% axial strain 8% axial strain 10% axial strain 
   
(a) Particle A and its contacts with geogrid element 
(dash line indicates original position) 
 
Figure 8.10 (cont. on next page) 
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0% axial strain 2% axial strain 4% axial strain 
   
6% axial strain 8% axial strain 10% axial strain 
   
(b) Particle B and its contact with geogrid element 
(dash line indicates original position) 
 
Figure 8.10 Two single particles analyzed for their contacts with the geogrid element in the 
DEM simulations of a shear strength test 
 
8.3 Summary 
 
Specimens with five different reinforcement configurations were tested for shear strength 
properties using a large-scale triaxial test setup to evaluate the effectiveness of the geogrid 
aperture shape and the reinforcement depth in cylindrical specimens. Placing two geogrids, 
254 mm (10 in.) from the top and bottom of the specimen, resulted in the maximum shear 
strength gain for both triangular and square aperture geogrids. This was attributed to the fact 
that optimal placement of the geogrid ensures intersection of the developed shear failure 
plane by the reinforcement layer, thus preventing lateral bulging and ultimately leading to 
significant shear strength gains. Placing geogrid in an inappropriate location, such as 154 mm 
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(6 in.) from the top and/or bottom of the specimen, had little improvement during monotonic 
compression tests. 
 
Both triangular and square-aperture geogrids were found to effectively increase the peak 
deviator stress values for triaxial specimens prepared using both new and fouled ballast 
materials. Specimens prepared using the fouled ballast materials did not necessarily exhibit 
lower shear strength values compared to those prepared using the clean ballast material under 
dry conditions. On the contrary, in most cases, specimens prepared using the degraded ballast 
materials exhibited higher shear strength values under dry conditions and similar loading and 
reinforcement conditions compared to those prepared using the clean ballast material. 
Specimens prepared with the degraded ballast coarse fraction yielded the highest shear 
strength values under both unreinforced as well as geogrid-reinforced configurations. 
 
The aggregate imaging-based DEM simulation platform developed at the University of 
Illinois could adequately simulate the stress-strain behavior of both unreinforced and 
geogrid-reinforced ballast specimens under monotonic triaxial shear strength tests. Some 
important information such as volumetric change and geometry change due to specimen 
bulging, which are difficult to measure in the laboratory during triaxial shear strength tests, 
could be easily extracted from the DEM simulations. The DEM approach also proved to be 
adequate in capturing contact behavior details at the geogrid-aggregate interfaces. This 
aggregate imaging based DEM simulation platform has the potential to quantify individual 
effects of various geogrid properties, such as aperture shape and size and rib dimensions, on 
the aggregate assembly. 
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CHAPTER 9 
 
9. LARGE SCALE TRIAXIAL TESTING OF FOULED 
BALLAST UNDER WET CONDITIONS 
 
Ballast gradation and fouling conditions have shown to significantly affect ballast behavior. 
Increased moisture conditions have even a higher impact on ballast strength and deformation 
behavior. One of the primary functions of ballast layer is to facilitate drainage. However, 
when fines accumulate due to traffic loading and particle degradation, voids among large 
particles will be occupied by fines from the bottom of ballast layer gradually causing ballast 
clogging and losing its drainage ability. When moisture is trapped within ballast, contacts 
between ballast particles change to negatively impact ballast layer stability. This chapter 
focuses on the wet fouled ballast behavior through large-scale triaxial tests. Both monotonic 
compression and repeated load triaxial tests are performed on specimens of fouled ballast at 
different moisture contents. 
 
9.1 Laboratory test conditions 
 
As highlighted in Chapter 2, several previous research investigated ballast behavior under 
wet conditions. However, the ways to prepare fouled ballast specimens with different fouling 
material and water content were quite different. One approach to prepare wet fouled ballast 
specimen was to mix clean ballast, fouling material, and water together and them compact the 
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mixture, the water content can be the optimal moisture content for achieving maximum 
density of fouling material or just by selecting percentage by weight with certain intervals 
(Ebrahimi et al. 2010, Trinh et al. 2012, Duong et al. 2013). Another way to prepare the wet 
fouled ballast specimen was to compact the clean ballast first and then adding fouling 
material and water or adding premixed fouling material and water (Huang et al 2009, 
Ebrahimi et al. 2010). Tennakoon et al. (2012) prepared the saturated specimen by mix and 
compact clean ballast and fouling material first and then saturated the specimen by add water. 
Note that the fouling materials in this study are fines (smaller than 9.5 mm or 3/8 in. size) 
generated from LA abrasion test, in order to prepare fouled ballast under wet condition, an 
alternative approach was adopted after consideration of literature and material properties of 
fines in this study. 
 
9.1.1 Ballast material properties  
The fouled ballast material used in the monotonic compression and repeated load tests was 
the limestone material generated from the LA abrasion tests for the ballast breakdown and 
degradation without the use of any third party fouling agent. The gradation information is 
given in Figure 7.4. Both the clean ballast and the coarse fraction of degraded ballast had 
particles above 9.5 mm in size and the specimens used in triaxial tests had void ratios of 0.68 
and 0.61, respectively. Hence, both the clean ballast and the coarse fraction of degraded 
ballast are free draining materials and will not retain moisture within the aggregate skeleton 
both in laboratory and field applications. The fines, referred to herein as smaller than 9.5 mm, 
can fill in the voids created by larger particles and have the ability to absorb moisture and 
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prevent ballast drainage. Accordingly, it is meaningful to study the material properties of 
fines (smaller than 9.5 mm or 3/8 in. size) first.  
 
The gradation for fines only is given in Figure 9.1, which can be considered as the gradation 
of the fine fraction of fouled ballast. Note that the gradation information given in Figure 9.1 
is still missing the detailed information for particles passing No. 200 sieve, which may be 
important to analyze the permeability or hydraulic conductivity characteristics of fines. Thus, 
a hydrometer analysis was also performed to determine the size distribution of particles 
passing the No. 200 sieve.  The hydrometer test was performed with two 1000 ml graduated 
cylinders, a Gilson Hydrometer (Model SA-2) which complies with ASTM 152H, under 25 ͦ 
(C) room temperature. Figure 9.2 shows the hydrometer test setup. Figure 9.3 gives the size 
distribution of fines passing the No. 200 sieve. 
 
According to the gradation shown in Figure 9.1, fines with different sizes (see Figure 9.4) 
were poured together and mixed with a rotational mixer with different moisture content as 
shown in Figure 9.5. The fines were mixed with moisture for the target moisture content of 
3%, 6%, 9%, and 12%, and compacted following the standard Proctor compaction test 
procedure with the standard hammer. Unsoaked CBR test was then performed after the 
Proctor compaction test at the indicated moisture contents (see Figure 9.6). The maximum 
dry density of the fines is 1.56103 kg/m3, which corresponds to the optimum moisture 
content of 9%, based on the standard Proctor test results presented in Figure 9.7. The 
unsoaked CBR test results shown in Figure 9.8 indicate the CBR value increased when 
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moisture content increased from 3% to 6% and dramatically dropped after a moisture content 
of 9%, which was adopted as the optimum moisture content for maximum dry density. When 
moisture content increased to 12%, the CBR values dropped to about 0, which means the 
material was really soft and could not sustain much load. The CBR values above 100 in 
Figure 9.8 have no meaning but indicate the fines with 6% moisture content are very strong 
and can take large loads at the unsoaked conditions which would be unrealistically high and 
linked to the high suction potential of the undisturbed conditions in the field. 
 
 
 
Figure 9.1 Gradation of fines (smaller than 9.5 mm or 3/8 in.) generated from LA abrasion 
tests 
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Figure 9.2 Hydrometer test setup used at ATREL 
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Figure 9.3 Size distribution of fines passing the No. 200 sieve generated from LA abrasion 
tests 
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Figure 9.4 Fines generated and stored in plastic bags according to different particle sizes 
 
 
 
Figure 9.5 Mixing fines at different moisture contents 
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Figure 9.6 Unsoaked CBR test conducted on limestone ballast fines  
 
 
 
Figure 9.7 Compaction curve of fines generated by LA abrasion test 
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Figure 9.8 Unsoaked CBR test results of fines (smaller than 9.5 mm or 3/8 in.) 
 
9.1.2 Permanent deformation tests  
As the amount fouling ballast generated from the LA abrasion tests was limited, repeated load 
permanent deformation tests were performed before the shear strength tests to minimize 
particle breakage and potential changes in particle size distribution of fouled ballast material.  
 
To investigate the moisture effect on the fouled ballast permanent deformation behavior, 
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repeated load triaxial tests were conducted in the laboratory. The loading pulse employed was 
the same haversine shape loading used in the previous tests with the fouled ballast in dry 
condition with 0.4-second load duration and 0.6-second rest period between the two load 
cycles (see Figure 3.9). The applied confining pressure and deviator stress pairs all remained 
the same as used in testing the previous ballast specimens. However, it is very challenging to 
prepare test specimen of fouled ballast with moisture. It requires a large-scale mixer which 
can hold more than 94 kg of fouled ballast if all the dry materials are mixed with water. 
However, such large-scale mixer was not available in the laboratory. Thus, an alternative 
approach was taken in this study. Because it is the fines that will restrain the moisture, an 
appropriate amount of fines (according to the gradation of fouled ballast, see Figure 7.4) was 
weighed and mixed with water in the rotational mixer shown in Figure 9.5. The fines were 
blended with water to achieve target moisture contents of 3%, 6%, 9%, and 12%. After the 
fines and water were mixed thoroughly, the mixture was poured into dry aggregates of fouled 
ballast. In other words, coarse fraction of degraded ballast was placed on a tarp and mixed 
quickly using shovels until all the materials were mixed thoroughly (see Figure 9.9). The 
mixed fouled ballast then was divided into four piles as previously with preparing fouled 
ballast in dry condition, and each pile was used to construct one lift of the specimen. The 
same procedures were followed to prepare the specimens for the repeated load tests as 
previously described in Chapter 3. 
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      Mix fines with water         Pour wet fines 
 
Mix wet fines and coarse fraction aggregate and divide into four piles 
 
Figure 9.9 Preparing wet fouled ballast specimen for testing 
 
Three specimens were prepared at the moisture contents of fines were 3%, 6%, and 9% and 
tested in repeated loading up to 10,000 cycles. The deformation of the middle part of the 
specimen was recorded during each loading cycle. The test specimen with the target moisture 
content of fines 12% had obvious geometry changes when the aluminum mold was detached 
1 2
34
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after compaction. Thus, a permanent deformation test could not be performed for the 
specimen at 12% moisture content of fines. However, the test specimen with the target 
moisture content of fines 6%, as shown in Figure 9.10, could still stand without confinement 
after the permanent deformation test due to the high suction potential.  
 
Figure 9.11 presents the permanent deformation test results of the fouled ballast at different 
target moisture contents of fines for up to 10,000 cycles as well as the average permanent 
deformation test results of the fouled ballast in dry condition for comparison purposes. When 
the moisture content of fines is relatively low, the specimen produces less permanent 
deformation as compared to the specimen tested in dry condition. For the specimen with 3% 
moisture content of fines, the permanent axial strain after 10,000 cycles was approximately 
0.99%, which was lower than the permanent axial strain of 1.21% from the specimen 
prepared with the same fouled ballast in dry condition, but higher than the permanent axial 
strain of 0.93% from the specimen prepared with the coarse fraction of degraded ballast in 
dry condition. For the specimen with 6% moisture content of fines, the permanent axial strain 
after 10,000 cycles was 0.82%, which was lower than the permanent axial strain of 0.93% 
from the specimen prepared with the coarse fraction of degraded ballast in dry condition, but 
higher than the permanent axial strain of 0.62% from the specimen prepared with the clean 
ballast in dry condition. However, when the moisture content of fines increased to 9%, the 
permanent axial strain went up to 2.05% after 10,000 cycles, which was significantly higher 
than all the other cases. For the highest moisture content, i.e. 12%, a specimen could not even 
stand by itself after the aluminum mold was detached.  
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The observed permanent deformation behavior agrees with the findings from the unsoaked 
CBR test results of fines (see Figure 9.8). The specimen permanent strains during the 
permanent deformation tests were relatively low. It was possible that large particles were not 
mobilized within the small strain range. Based on the limited experimental results, it is 
suggested that a small amount of moisture would help to compact the fines, making fines 
stronger in unsoaked conditions. In this way, the fines may assume more like a stabilizing 
role within the aggregate matrix and cause lower permanent axial strains. When moisture 
content increases, below a certain threshold, the stabilizing effect of fines becomes more 
pronounced when compared to permanent axial strain curves in Figure 9.11 at moisture 
contents of 3% and 6% of the fines, respectively. However, when moisture content of fines 
approaches to the optimum moisture content, in this case 9%, unsoaked CBR value had a 
significant drop which indicated a remarkable strength drop of the material. For higher 
moisture contents of fines, for example 12%, unsoaked CBR value was close to 0, meaning 
the material had already lost its ability to bear any load.  
 
As discussed before in Chapter 7, the fines in fouled ballast can provide either a “stabilizing” 
or “lubrication” effect. When the moisture content was below a certain threshold, the 
“stabilizing” effect could be more pronounced. As the moisture content increased to a higher 
value for the fines fraction, well above their threshold value determined by the unsoaked 
CBR test, the “lubrication” effect could be dominating the fouled ballast behavior. This might 
cause unstable ballast behavior in field applications. Such a threshold moisture content of 
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fines may be established for different ballast aggregate types and characteristics of fines, i.e., 
particles smaller than 9.5 mm or 3/8 in. size. Note that more experimental results are needed 
to confirm the trends observed in this study. 
 
 
 
 
Figure 9.10 Photo showing specimen of fouled ballast with 6% moisture content of fines 
(particle smaller than 9.5 mm or 3/8 in.) standing by itself without confinement 
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Figure 9.11 Permanent deformation test results of wet fouled ballast behavior 
 
 
238 
 
9.1.3 Monotonic compression tests 
Ballast aggregate particles are more susceptible to breakage during the monotonic strength 
tests than the permanent deformation tests. Further, the fouled ballast materials generated by 
the LA abrasion tests in this study have been in limited quantity. Therefore, monotonic 
strength tests were only performed after the permanent deformation tests on the wet fouled 
ballast specimens. The test specimen details for the different materials are the same as listed 
in Table 7.1 except that fines were mixed with water to the different target moisture contents. 
Figure 9.11 shows specimens with 3% and 6% target moisture contents of fines, which 
yielded less permanent axial strains after 10,000 cycles. It is suspicious that the specimens of 
fouled ballast at 3% and 6% target moisture contents of fines may have higher strength than 
the specimen of fouled ballast in dry condition. Thus the monotonic triaxial compression tests 
were conducted at a confining pressure of 68.9 kPa (10 psi) in displacement control mode at 
the shearing rate for the slow conventional strength test, which was 1% strain per minute 
corresponding to 0.1016 mm/s. As described for the permanent deformation tests, an 
appropriate amount of ballast material was mixed and divided into four parts before 
constructing any test specimen. The test specimen was prepared following the same 
procedure used for the clean ballast specimens, which was described in Chapter 3. 
 
Figure 9.12 presents the monotonic triaxial shear strength test results of the fouled ballast at 
3%, 6%, and 9% target moisture contents of fines. Figure 9.12 also shows the test results with 
the fouled ballast in dry condition, which is denoted as 0% moisture of fines. Surprisingly, 
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although specimens with 3% and 6% moisture contents of fines yielded less permanent axial 
strain during permanent deformation test for up to 10,000 cycles, the peak deviator stresses of 
all wet specimens were way below the peak strength of the specimen in dry condition. The 
peak deviator stress for the specimens with 3%, 6%, and 9% moisture contents of fines were 
211 kPa, 252 kPa, and 186 kPa, respectively, while the peak deviator stress for the specimen 
in dry condition (0% moisture content of fines) was 410 kPa.  
 
Figure 9.12 highlights the specimen with 6% moisture of fines as the strongest one and the 
specimen with 9% moisture of fines as the weakest one among the three wet specimens, 
which agreed with the permanent deformation test results presented in Figure 9.11. The 
stress-strain curves of the wet specimens in Figure 9.12 generally had the same pattern; peak 
deviator stress is quickly achieved within a relatively small strain range followed by a little 
change in strain levels up to 10%. Such stress-strain trends of the wet specimens were quite 
different than those of the specimens in dry condition as shown in Figure 7.5.  
 
Another interesting observation from Figure 9.11 is that the stress-strain curves of specimens 
at 3% and 6 % moisture contents of fines have higher initial slopes than the stress-strain 
curve of the specimen in dry condition, while the initial slope of the stress-strain curve of the 
specimen at 9% moisture content of fines was lower. This observation suggests that in 
relatively small strain regime, the mixture of fines and water possibly acted in a “stabilizing” 
role for the whole matrix by bringing coarse particles together when the moisture content of 
fines was within a certain range. When the strain regime became relatively large, coarse 
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particles were mobilized during the shearing process and the mixture of fines and water 
provided somewhat of a “lubricating” role.  
 
 
 
Figure 9.12 Monotonic shear strength test results on the wet fouled ballast specimens at 
different moisture contents of fines 
 
9.2 Summary 
 
Behavior of wet fouled ballast specimens at different moisture contents of fines (smaller than 
9.5 mm or 3/8 in. size) have been investigated in this chapter. Moisture was found to have a 
significant effect on the limestone fouled ballast behavior from permanent deformation tests. 
Based on the limited experimental results, it is suggested that when moisture content was 
below a certain threshold, the specimen had comparatively better resistance to repeated 
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loading and yielded less permanent strain under the same loading pulse when compared to the 
specimen in dry condition. However, when moisture content of fines increased beyond a 
certain threshold, possibly close to the optimum moisture content for the maximum dry 
density of the fines (smaller than 9.5 mm or 3/8 in. size), the specimen had considerably 
higher permanent strain than the specimen without moisture under the same test conditions. 
Although small amount of moisture with fines may have helped to stabilize the aggregate 
matrix, when moisture content exceeded that certain threshold level, the mixture of fines and 
water caused loss of strength and acted as a lubricant for coarse aggregate to accumulate large 
deformations to potentially cause stability concerns.  
 
From the monotonic compression tests conducted in this study, adding even 3% moisture (by 
weight of minus 3/8 in. size or smaller than 9.5 mm) to ballast strength test specimens caused 
approximately 50% decrease in shear strength of the dry fouled ballast. Wet fouled ballast 
samples reached the significantly lower maximum deviator stress values rather quickly at a 
relatively small axial strain level and remained at the same level as the axial strain was 
increased.  
 
 
 
 
 
 
 
 
 
 
  
242 
 
CHAPTER 10 
 
10. CONCLUDING REMARKS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 
 
10.1 Concluding remarks 
 
This ongoing research study contributes to the field of ballast behavior by developing an 
integrated computational-experimental framework to systematically evaluate ballast 
life-cycle behavior. Ballast grain scale characteristics such as particle size distribution and 
particle shape properties, laboratory scale behavior of the ballast assembly such as shear 
strength and deformation behavior, and field scale performances such as ballast settlement 
and stability conditions at different stages of its life-cycle can be captured under the 
framework by integrating image analysis technology, laboratory triaxial testing, modeling 
using the discrete element method (DEM), and field monitoring together. Behavior of the 
same ballast materials were studied through their service life-cycles. The life-cycle evaluation 
begins from clean ballast condition with no fouling material present and ends in a heavily 
fouled ballast condition with fouling index (FI) by Selig and Waters (1994) approaching 40. 
Based on the limited experimental and modeling results, major findings from this research 
study are highlighted as follows: 
 
1. The shear loading rate applied in triaxial compression tests was found to have an 
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insignificant effect on the limestone ballast shear strength. Both traditional slow 
loading, 1% strain per minute, and a rapid shear test, 5% strain per one second, 
yielded similar stress-strain curves where ballast specimens were tested 
monotonically at different confining pressures. 
 
2. Through the aggregate size and shape characterization approach using image analysis, 
ballast grain size distribution and particle morphological properties were adequately 
taken into account. The laboratory experiments were successfully simulated through 
DEM simulations to reproduce closely the ballast behavior observed from the triaxial 
monotonic compression and repeated load permanent deformation tests. With the use 
of “incremental displacement” shear method, significant computational resources 
could be saved to shorten DEM simulation run times.  
 
3. Initial particle arrangement in the granular assembly is important and can affect the 
laboratory tests and the DEM simulation results. Therefore, careful consideration of 
initial particle arrangement is essentially needed to evaluate the laboratory and DEM 
simulation results. A minimum of three repetitions with different initial particle 
arrangements can help to reduce the discrepancy caused by the random particle 
arrangement and provide more representative predictions. 
 
4. Compaction of the specimen is very important in both the laboratory tests and the 
DEM simulations. Not only the specimen density, but also the particle arrangement 
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depends on compaction. The appropriate level of compaction needs to be adopted as 
part of the DEM simulations to closely reproduce the laboratory specimen seating and 
compaction conditions. Accordingly, the test specimen permanent strain accumulation 
can be predicted accurately in the initial loading stages of permanent deformation 
tests. The compaction effect will become less significant as the number of load cycles 
increases.  
 
5. The permanent strain increases rapidly in the initial loading stage but later on 
accumulates at a decreasing rate. The permanent strain mainly comes from particle 
reorientation, rearrangement or particle abrasion instead of particle breakage when the 
deviator stress is relatively low. 
 
6. Ballast particle morphological properties have significant impact on the ballast 
settlement behavior. Ballast materials with flat and elongated particles tend to settle 
the most due to the breakage tendency of these slender particles. Ballast materials 
with lower angularity indices from imaging tend to have higher densities and 
settlement potentials when compared to ballast materials with higher angularity 
indices. Track settlement can be designed/engineered with the determined ballast 
particle morphological properties in addition to the grain size distribution and density. 
Field ballast settlement trends of ballast materials with known gradation and particle 
shape properties could be successfully predicted from DEM simulations and applied 
to an innovative field bridge approach settlement ramp design. 
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7. In a Los Angeles abrasion test, ballast degradation causes abrasion and breakdown of 
large aggregate particles to create fine materials. Through abrasion, large particles 
tend to become smoother and more cubical, while the newly created particles from 
aggregate breakdown tend to become more angular. Fines accumulate from the 
bottom of a ballast specimen and all the voids among large particle matrix are filled 
with fines when Selig’s Fouling Index (FI) approaches 40. A linear relationship was 
found to exist between change of particle morphological properties, such as angularity 
and surface texture, and the FI. 
 
8. Ballast degradation not necessarily resulted in significant strength losses during 
monotonic compression testing of dry fouled ballast specimens. On the contrary, the 
degraded ballast with or without fines (particles smaller than 9.5 mm or 3/8 in.)  
yielded higher strength than the strength of clean ballast in dry condition. Fines had a 
“stabilizing” effect which helped to strengthen the aggregate matrix and they also 
acted through a “lubricating” effect when in abundance in the aggregate matrix.  
 
9. Ballast degradation had a significant influence on ballast permanent deformation 
behavior. Degraded ballast coarse fraction yielded higher permanent deformation 
compared with clean ballast under same loading conditions, while heavily fouled 
ballast (fine particles smaller than 9.5 mm or 3/8 in included) yielded the highest 
permanent deformation compared with the degraded ballast coarse fraction and clean 
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ballast specimens in dry condition.  
 
10. Geogrids can effectively reinforce ballast specimens and increase ballast strength 
when used appropriately. Placing two geogrids, 254 mm (10 in.) from the top and 
bottom of the specimen resulted in the maximum shear strength gain for both 
triangular as well as square aperture geogrids in this study with five different 
locations investigated to place the geogrid. Specimens prepared with the degraded 
ballast coarse fraction yielded the highest shear strength values under both 
unreinforced as well as geogrid-reinforced configurations. 
 
 
11. Moisture was found to have a significant effect on the limestone fouled ballast 
behavior from the permanent deformation tests. Based on the limited experimental 
results, even a small amount of moisture helped fines (particles smaller than 9.5 mm 
or 3/8 in.) to act more like a “stabilizing” factor in the aggregate matrix, however, 
when moisture content of fines exceeded a certain level, 6% by weight of fines as 
observed in this study, the mixture of fines and water caused a major increase in 
permanent deformation.  
 
12. Moisture can significantly reduce shear strength of fouled ballast. For the different 
moisture contents of fines (particles smaller than 9.5 mm or 3/8 in.) selected in this 
study, even 3% moisture by weight of fines reduced the shear strength by 50% when 
compared to the shear strength of the dry fouled ballast specimens tested under 
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similar testing conditions. 
 
13. The DEM simulation platform developed at the University of Illinois could 
adequately simulate the behavior of both clean and fouled ballast through the 
integrated computational experimental framework. Important properties of ballast 
specimens such as volumetric change, geometry change, and number of particle 
contacts within a DEM specimen that are difficult to measure in the laboratory can be 
extracted from the DEM simulations. This DEM simulation platform has the potential 
to be developed as a quantitative ballasted track performance analysis tool for 
modeling ballast life-cycle behavior.  
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10.2 Recommendations for future research 
 
This dissertation presented an integrated computational-experimental framework to 
systematically study ballast behavior with the same ballast materials evaluated for life-cycle 
behavior. The following topics are recommended for future research: 
  
1. More triaxial compression and repeated load tests should be performed on different 
ballast materials typically used in the field.  
 
2. An information library needs to be established for different ballast materials to 
include particle morphological properties of various ballast types and sources 
commonly used in railroad track application. 
 
3. More repeated load triaxial tests should be performed on both clean and fouled ballast 
specimens at different confining pressures and deviator stresses in order to develop 
more robust ballast permanent deformation model with the ability to predict field 
settlement behavior. 
 
4. More experimental studies are needed to further investigate the impact of moisture on 
ballast strength and permanent deformation behavior. The moisture contents of ballast 
specimens can be linked to field rainfall conditions and suction characteristics.  
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5. Ballast degradation trends in the field need to be monitored using imaging techniques, 
which will potentially provide field validated relationships between ballast fouling 
levels and ballast size and shape properties that could help to improve ballast DEM 
modeling efforts and adequately establish field ballast serviceability and maintenance 
needs and life cycle performance.  
 
6. The DEM simulation platform integrated with aggregate imaging analysis technology 
should be further developed to simulate wet fouled ballast behavior.  
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